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ABSTRACT

Understanding plutonium geochemical behavior is imperative to the development
of schemes for remediation of plutonium environmental contamination and accurate
assessment of risks posed by the disposal of plutonium bearing wastes. The primary
mechanism of plutonium mobility in the environment is subsurface transport.

The

mobility of plutonium is significantly influenced by redox and complexation reactions.
Although the effects of surface mediated redox reactions on plutonium’s subsurface
mobility have been previously documented, little has been done to determine the impact of
organic materials on sorption behavior and oxidation states. To adequately predict the
behavior of plutonium in the environment, the influence of natural organic matter on
plutonium geochemical behavior must be understood.
This work primarily investigates the sorption of plutonium to gibbsite in the
presence of organic material with the goal of accurately modeling the sorption behavior
over the pH range 3-9. Sorption of plutonium to gibbsite in the presence of Suwannee
River Fulvic Acid Standard I, desferrioxamine B (DFOB), citric acid, and Leonardite
humic acid was examined to determine the influence of organic ligand character on
plutonium sorption. These organic materials are ubiquitous in the environment, and their
presence generally drives plutonium to the tetravalent oxidation state in surface and
ground waters.

Batch sorption experiments involving ternary systems containing

plutonium, gibbsite, and one of the studied organic materials at a concentration of 5 or 50
mg C/L have revealed a definite impact of the organic materials when compared with the
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binary system containing only plutonium and gibbsite. In the binary system, greater than
90% of the plutonium sorbed to the gibbsite. However, the addition of organic ligands
altered the sorption behavior, dependent on the pH of the system. Using a surface
complexation model, aqueous stability constants, and assuming the formation of ternary
surface complexes, the results of the batch sorption experiments were modeled. The data
and models achieved in this study will allow for more adequate predictions of the
movement of plutonium in the environment when incorporated into geochemical models.
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CHAPTER ONE
INTRODUCTION
Environmental plutonium contamination is present due to multiple sources,
including legacy wastes from production of nuclear weapons and waste generated
through nuclear power production. There are multiple contaminated sites within the
DOE complex. At the Hanford site, 11,800 Ci of

239

Pu was disposed of in shallow

subsurface waste tanks (Cantrell, 2009; Felmy et al., 2010). Underground nuclear testing
at the Nevada Test Site released 240,000 Ci of

238-240

Pu in the subsurface (Smith et al.,

2003). The Savannah River Site has released 16.4 Ci of Pu into surface water and air, as
well as burying thousands of curies in various forms of waste (Carlton et al., 1992). In
addition to these sites, plutonium contamination exists elsewhere within the DOE
complex, as well as at non-DOE locations. Plutonium is regulated in ground and surface
waters by the EPA’s maximum contaminant level for alpha emitters of 15 pCi/L (US
EPA, 2011). Understanding the plutonium’s geochemical behavior is imperative to the
development of schemes for remediation of plutonium environmental contamination and
accurate assessment of risks posed by current and proposed disposal practices for
plutonium-bearing wastes.

The primary mechanism of plutonium mobility in the

environment is subsurface transport, the rate and extent of which can be significantly
influenced by redox and complexation reactions.

Previous work has identified the

importance of surface mediated redox reactions controlling subsurface plutonium
mobility (Fjeld et al., 2003; Kaplan et al., 2004; Powell et al., 2006). However, there is
limited data examining the influence of dissolved organic materials on sorption processes
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and redox states. To fully understand these interactions, plutonium’s tendency to react
with numerous environmental organic materials must be considered.
To accurately model and predict the fate of plutonium in the environment,
sorption behavior must be understood and accurately predicted. The primary objective of
this research is to model plutonium sorption to gibbsite in the presence of the organic
materials Suwannee River Fulvic Acid Standard I (fulvic acid, for FA), desferrioxamine
B (DFOB), citric acid, and Leonardite Humic Acid (humic acid, or HA). As an aqueous
stability constant for plutonium complexation with fulvic acid is not currently available,
this parameter will be determined using the results of experiments involving plutonium
solubility in the presence and absence of fulvic acid. The sorption models developed in
this work can assist in predicting the fate and transport of plutonium in the environment.
Stability constants describing Pu complexation with citric acid, DFOB, and humic acid
are available (Clark et al., 2006; Boukhalfa et al., 2007; Zimmerman, 2010).
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CHAPTER TWO
BACKGROUND
PLUTONIUM GEOCHEMISTRY
The unique behavior of transuranic elements, including plutonium, poses a
significant challenge in predicting their fate and transport.

Plutonium is the most

common transuranic element contaminating the environment, primarily due to cold war
era nuclear weapons testing (Choppin, 2003). The behavior of plutonium is extremely
dependent upon the environmental conditions. In many instances, Pu has been known to
exhibit sorption to minerals, colloids, and other surfaces (Choppin, 2003). The sorption
of Pu is highly dependent on characteristics including pH, ionic strength, temperature, the
type of surface, oxygen content, and the oxidation state of Pu (Silva and Nitsche, 1995).
To guard against environmental contamination, subsurface repositories must possess
environmental characteristics conducive to the sorption of plutonium, therefore reducing
its capacity for transport (Buda et al., 2008). Previous measurements have shown that in
most environmental systems, the majority of plutonium is sorbed to solid phases such as
fine-grained sediments (Nelson et al., 1985). Studies have shown that plutonium will
sorb strongly to alumina minerals such as gibbsite and boehmite, aluminosilicate clays
such as kaolinite and montmorillonite, and iron oxide minerals such as goethite (KeeneyKennicutt and Morse, 1985; Powell et al., 2005; Banik et al., 2007a; Buda et al., 2008;
Powell et al., 2010; Powell et al., 2011). Gibbsite is the primary solid phase used in this
project.
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PLUTONIUM REDOX BEHAVIOR
In environmental systems, plutonium may exist in four different oxidation states:
Pu(III), Pu(IV), Pu(V), and Pu(VI). Due to thermodynamic favorability of aqueous
hydroxide species, insoluble hydrolysis products, and sorbed Pu(IV) species, Pu(IV)
tends to be the most stable of the oxidation states under the majority of subsurface
environmental conditions, and therefore is considered the most common oxidation state
in subsurface environments (Silva and Nitsche, 1995). In marine waters, however, Pu(V)
is the dominant aqueous oxidation state (Morse and Choppin, 1986). Inspection of an
Eh-pH diagram for plutonium, shown in Figure 2.1, reveals that Pu(IV) and Pu(V) will
dominate under natural system conditions, as Pu(III) and Pu(VI) dominate only under
extreme Eh or pH conditions. It should be noted that Eh-pH diagrams show only the
most prevalent species for each region, and not the other secondary species also present
in that region. Also, Figure 2.1 only shows plutonium in an aqueous system containing
only NaCl; other possible complexing ligands, like carbonate, are not shown.
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Figure 2.1: Eh-pH diagram of plutonium in an aqueous system with the total Pu
concentration set at 1 x 10-9 M and an ionic strength of 0.1 M (NaCl). Precipitation of
solids not allowed. Modeled using Geochemists Workbench.
It should also be noted that in a natural environmental system, other species
present, including organic and inorganic material, can influence the oxidation state of Pu
and other actinides. The impact of natural organic matter on the oxidation state of Pu
will be further discussed in the section “Plutonium-NOM Interactions.”

PLUTONIUM HYDROLYSIS
Plutonium, as well as other actinides, exhibit hydrolysis in aqueous systems.
These hydrolysis reactions are highly dependent on pH, as the concentration of the
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hydrogen ion is of multiple order dependence. The Pu(IV) hydrolysis reactions and
associated logβ values are shown in the equations below (Neck and Kim, 2001).
Pu4+ + H2O  Pu(OH)3+ + H+

logβ = 0.6

Pu4+ + 2H2O  Pu(OH)22+ +2H+

logβ = 0.6

Pu4+ + 3H2O  Pu(OH)3+ + 3H+

logβ = -2.3

Pu4+ + 4H2O  Pu(OH)4(aq) + 4H+

logβ = -8.5

Using these constants, the speciation of Pu(IV) as a function of pH is shown in Figure
2.2.
1.2E-06

Concentration (M)

1.0E-06
8.0E-07

Pu4+
PuOH3+

6.0E-07

Pu(OH)22+

4.0E-07

Pu(OH)3+

2.0E-07

Pu(OH)4(aq)

0.0E+00

0

2

4

6

8

10

12

pH

Figure 2.2: Speciation diagram of Pu(IV) across the pH range 2-12, as modeled using
Visual MINTEQ and stability constants from Neck and Kim, 2001. Ionic strength was set
at 0.1 M (NaCl), the total Pu(IV) concentration was set to 1E-06 M, and no solids were
allowed to precipitate.
It should be noted that while the Pu(OH)4(aq) complex dominates at high pH in an
aqueous system, the presence of other phases, including minerals or precipitated Pu
species, can significantly change the speciation. Precipitation and/or sorption of Pu
species, as well as the formation of colloidal Pu, should be expected to occur in a natural
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environmental system (Walther et al., 2009). Pu(IV) has a strong tendency to hydrolyze
even at low pH values due to the high effective charge on the ion. Tetravalent actinides
form complexes most readily, whether it be with hydroxide or other inorganic or organic
materials.

Penta- and hexavalent actinides exist as actinyl ions, and the strongly

electronegative axial oxygen atoms withdraw electrons from the actinide metal center
thus exposing the equatorial plane and changing the total effective charge of the actinide
ion. Therefore, the strength of complexation follows the strength of effective charge as
follows:
An(IV)4+ > An(VI)O22+ > An(III)3+ > An(V)O2+
The effective charges for the above ions are +4, +3.3, +3, and +2.3, respectively. Due to
the strong likelihood of actinides in the tetravalent state to complex, and as shown in
Figure 2.2, it can be reasonably assumed that in natural systems, the tetravalent free ion
will not exist as a significant species even in the absence of larger organic moleculess.

PLUTONIUM SOLUBILITY
Due to the strong tendency of tetravalent plutonium to form complexes, a large
fraction of the Pu(IV) in a given aqueous system exists as the uncharged species
Pu(OH)4(aq) across a wide portion of the pH range. These uncharged species are not
completely soluble, and form solid plutonium species, including the amorphous
hydroxide Pu(OH)4(am) and the hydrous oxides PuO2·xH2O(s) and PuO2(s, hyd) (Neck et
al., 2007). Pu(OH)4(am) is likely to form initially, but then release 2 water molecules to
form PuO2(s), which is a more stable and less soluble product (Neck and Kim, 2001).
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However, in a natural system, crystalline PuO2(s) may not be the dominant species due to
a lack of further condensation following the initial olation reaction of [Pu(OH)n](4-n)+ to
yield hydroxo-bridged species (Soderholm et al., 2008). Also, there is a possibility that a
mixed valent PuO2+x species containing both Pu(IV) and Pu(V) exists and is more stable
than the PuO2 species (Haschke et al., 2000). In EXAFS spectra obtained by Conradson
et al. (2004a), unusual reactivity was observed due to the heterogeneity of the species at
the nanoscale. The findings support the existence of a PuO2+x species, and further
indicate that the presence of pure macroscale, bulk PuO2 is rare (Conradson et al.,
2004a). Further, effects on XANES spectra confirmed the disorder present in the PuO2+xy(OH)2y·H2O

species that would not be expected in a pure PuO2 species (Conradson et al.,

2004b). Due to the possible existence of multiple solid phases, solubility studies are
needed to determine the dominant solid phase in a variety of system conditions. Possible
Pu(IV) and Pu(V) solid phases with associated Ksp values are shown in Table 2.1.
Table 2.1: Pu(IV) and Pu(V) solid phases.
Species
Reaction
Pu(IV) PuO2(s, hyd)
Ksp = [Pu4+][OH-]4
Pu(V) PuO2.5(s, hyd)
Ksp = [PuO2+][OH-]
PuO2OH(am, hyd)
Ksp = [PuO2+][OH-]
*Adapted from Neck et al., 2007.

logKsp
-58.3 ± 0.5
-14.0 ± 0.8
-9.0 ± 0.5

There are many possible plutonium species in a natural system, including those of
different oxidation states. Theoretically, Pu(IV) species would be the least mobile due to
the likelihood for complexation, precipitation, and sorption.

Possible plutonium

oxidation states and the likely solid phases under equilibrium conditions are shown in
Figure 2.3.
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Figure 2.3: Representation of solid-liquid and redox equilibria in an oxygenated aqueous
system. (Neck et al., 2007).
The above figure shows plutonium in all possible oxidation states, but as
previously discussed Pu(III) and Pu(VI) species should not be expected in natural
systems, and in subsurface conditions Pu(IV) can be expected to be the dominant
oxidation state. In a study performed by Neck et al. (2007), the total solubility of Pu(IV)
was measured after ultrafiltration to remove colloidal species, and it was determined that
for Pu(IV), logKºIVcoll = -8.3 ± 1.0. The colloidal Pu species (PuO2(coll, hyd)) differs
from the solid Pu species (PuO2(am, hyd)) in that it possesses properties of both small
solid particles and of large, polynuclear aqueous species (Neck et al. 2007). The reaction
for the formation of this colloidal species is shown below (Neck et al. 2007).
PuO2(am, hyd)  PuO2(coll, hyd)

logβ = -8.3± 1.0

It was also determined that the concentration of Pu(IV) in the system was approximately
2 orders of magnitude higher when the ultrafiltration step was not performed to remove
the colloids, indicating that colloidal Pu(IV) species are fairly dominant in the system
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(Neck et al., 2007). The results of the solubility study performed by Neck et al. (2007)
are shown in Figure 2.4.

Figure 2.4: The solubility of PuO2+x under air and Ar gas, with solid lines indicating
calculated solubility limits for Pu(IV) and Pu(V) and dashed lines indicating the logKº (+
error) value for Pu colloids. (Neck et al., 2007)
In Figure 2.4, one solubility study was performed under argon gas to minimize oxidation
of Pu(IV) to higher oxidation states (Neck et al., 2007). The (+) symbols indicate the
Pu(IV+V) concentration when no ultrafiltration was performed, which is significantly
higher than when the filtration step is performed, indicating the presence of Pu colloids.
The calculated total solubility line for pure Pu(IV) was supported by data in a different
experiment performed as a part of the same study, shown in Figure 2.5.
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Figure 2.5: Solubility of PuO2(am, hyd) at 0.1 M ionic strength. Open symbols indicate a
total Pu concentration, and filled symbols indicate a Pu(IV) concentration as determined
through solvent extraction or spectroscopic methods. (Neck et al., 2007)

Figure 2.5 shows that at pH values above approximately 6, the total Pu(IV)
concentration is linear.

In this range, log[Pu(IV)] is approximately equal to -10.4.

Therefore, it can be expected that the maximum aqueous Pu(IV) concentration in this pH
range is approximately 4.0 x 10-11, provided no redox reactions to form more soluble
Pu(III), Pu(V), or Pu(VI) species has occurred. The remainder of the Pu(IV) will exist as
precipitated or colloidal species and should be able to be filtered from solution through
ultrafiltration methods.
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NATURAL ORGANIC MATTER
Natural organic matter (NOM) is ubiquitous in the environment due to the
breakdown of biological products, including plant and animal matter. NOM can form
aqueous complexes with actinides in the environment, and can also exhibit sorption
behavior to mineral surfaces. However, the behavior of NOM is not universal, as it
depends greatly on the types of functional groups present in the NOM and on the surface
of the mineral, as well as the character of the surface complex that is formed (Schlautman
and Morgan, 1994). This work focuses primarily on the organic materials fulvic acid,
humic acid, citric acid, and desferrioxamine B (DFOB).

HUMIC AND FULVIC ACID
Humic and fulvic acids belong to a class of material known as humic substances.
Humic substances do not have a well-defined structure, but instead are a complex,
heterogeneous mixture of organic material produced by the decay of plant and animal
matter (Sposito, 2008). Humic substances are operationally defined as fulvic acid, humic
acid, or humin based on solubility properties (Sposito, 2008). Humin is defined as the
insoluble fraction at all pH values, and is removed from solution at a basic pH, while
humic acid is any remaining fraction of humic material that precipitates when the pH is
reduced to 1 (Sposito, 2008). Fulvic acid is the remaining humic material after the
precipitated humic acid is removed (Sposito, 2008). Average formulas for humic and
fulvic acids in soil are C185H191O90N10S and C186H245O142N9S2, respectively (Sposito,
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2008). Hypothetical structures for a soil humic acid and an aquatic fulvic acid are shown
in Figures 2.6 and 2.7, respectively.

Figure 2.6: Model structure of humic acid (Stevenson and Schnitzer, 1982)

Figure 2.7: Model structures for subfractions of Suwannee River fulvic acid (Leenheer
and Rostad, 2004).
Studies involving NOM have shown that for humic acid (HA) and fulvic acid
(FA), anionic sorption behavior occurs, or sorption decreases as pH increases
(Schlautman and Morgan, 1994). The work of Schlautman and Morgan (1994) has
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shown that HA exhibits greater sorption than FA over all pH ranges, possibly due to HA
possessing more hydrophobicity than FA. Therefore, it is expected that humic acid will
be more likely to form ternary surface complexes involving actinides than fulvic acid.

CITRIC ACID
In comparison with the other NOM chosen, citric acid is a small molecular weight
phytosiderophore. Due to the smaller molecular weight and decreased probability for
steric hinderance, it is more likely that polynuclear complexes may form (i.e. multiple
citric acid molecules will simultaneously complex with a central actinide ion). Citric acid
is prevalent in soils due to release by vegetation, but is also rapidly degraded due to
microbial activity (Lackovic et al., 2004). It has been shown that at pH values between
approximately 4.5 and 7, citric acid sorbs strongly to the minerals kaolinite and illite,
while citric acid sorbs most strongly to goethite at pH values between 3 and 5 (Lackovic
et al., 2003). The structure of citric acid is shown in Figure 2.8.

Figure 2.8: Structure of citric acid. Drawn using ChemBioDraw Ultra 11.0 ©.

DESFERRIOXAMINE B
Desferrioxamine B (DFOB) is a larger molecular weight siderophore released by
microorganisms which complexes with iron to meet the microbes’ nutritional needs.
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DFOB is a metal chelator, meaning the molecule can wrap around an ion while numerous
functional groups form bonds with the metal. The sorption of DFOB to minerals is
greatly dependent on the mineral surface. For example, Neubaur et al. (2000) showed
that at low pH values, approximately 60% of DFOB will sorb to montmorillonite, and
this fraction will start decreasing around pH 8. However, at any pH value, less than 10%
of DFOB sorbs to kaolinite (Neubaur et al., 2000). Also, Neubaur et al. (2002) showed
that DFOB will sorb to goethite and ferrihydrite. The structure of DFOB is shown in
Figure 2.9.

Figure 2.9: Structure of DFOB. Adapted from Carrasco et al. (2009).
PLUTONIUM – NOM INTERACTIONS
Due to the cationic character of actinide ions, they are likely to complex with
negatively charged environmental ligands. Actinide hydrolysis, as discussed previously,
is an example of the complexation involving the hydroxide ion (OH-) as the ligand.
However, in natural environmental systems, natural organic matter is often present, and
actinides often form strong complexes with these organic materials.

Actinide

complexation with organic and inorganic ligands generally follows the same order of
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complexation strength as hydrolysis, due to the effective charge on the actinide ions.
Therefore, tetravalent actinide will form the strongest complexes.

The strength of

complexation is also highly dependent on the character of the ligand. For inorganic
ligands, complexation strength with actinides has the following trend (Silva and Nitsche,
1995):
OH-, CO32- > F-, HPO42-, SO42- > Cl-, NO3The strength of complexation of actinides with organic materials is highly dependent on
characteristics of the material, including functional groups present, size, and charge.
Some of the most influential functional groups are aromatic and aliphatic carboxylic and
phenolic and alcoholic hydroxylic groups, as these will deprotonate at low pH values and
be available sites for actinide binding (Silva and Nitsche, 1995).
In addition to NOM promoting higher aqueous phase concentrations of plutonium
through the formation of stable aqueous complexes, it can also play a role in the
formation of actinide pseudocolloids. Santschi et al. (2002) has shown that at the Rocky
Flats site in Colorado, the majority of colloidal plutonium is in the tetravalent state and is
associated with large organic macromolecules. This likely occurs due to the fact that
organic molecules can affect the charge of both Pu and surfaces, and can aggregate or
disaggregate based on conditions including pH and ionic strength (Santschi et al., 2002).
The known stability constants for the environmentally relevant oxidation states of Pu and
selected organic materials are shown in Tables 2.2 and 2.3.
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Table 2.2: Selected Pu-NOM stability constants (logβ values).
NOM
Complex
Pu3+
Pu4+
PuO2+
Acetate[ML]/[M][L]
2.02
5.31
2
[ML2]/[M][L]
3.34
5
[ML5]/[M][L]
16.7
22.6
4EDTA
[ML]/[M][L]
16.1
26.4
12.3
[ML2]/[M][L]2
35.39
Citrate2[ML]/[M][L]
8.9
15.6
2
[ML2]/[M][L]
29.8
2Oxalate
[ML]/[M][L]
8.3
[ML2]/[M][L]2
9.3
14.9
[ML3]/[M][L]3
9.4
23.4
4
[ML4]/[M][L]
9.9
27.5
3NTA
[ML]/[M][L]
10.3
12.9
6.8
Lactate[ML4]/[M][L]4
16.2
Adapted from Clark et al. (2006).

PuO22+
2.2
3.6

Table 2.3: Pu(IV)-DFOB stability constants.
Reaction
Complex
4+
Pu4+ + DFOB2- + 2H+  PuH2(DFOB)4+
PuH2(DFOB)
Pu4+ + DFOB2- + H+  PuH(DFOB)3+
PuH(DFOB)3+
Pu4+ + DFOB2-  Pu(DFOB)2+
Pu(DFOB)2+
Pu4+ + DFOB2- + H2O  Pu(DFOB)(OH)+
Pu(DFOB)(OH)+
Pu4+ + 2DFOB2- +2H+ PuH2(DFOB)22+
PuH2(DFOB)22+
From Boukhalfa et al. (2007), at an ionic strength of 0.1 M.

14.6

9.4

logβ
35.48
34.87
33.98
27.33
62.30

Zimmerman (2010) studied the complexation of Pu(IV) with Leonardite humic
acid and quantified the complexation using a discrete pKa ligand binding approach.
Using a hybrid ultrafiltration/equilibrium dialysis ligand exchange method, as well as
EDTA as a reference ligand, a log conditional stability constant of 6.76 ± 0.14 was
determined for the reaction shown below (Zimmerman, 2010):
Pu4+ + HL3 + 2H2O  Pu(OH)2L3+ + 3H+
This reaction represents humic acid by HL3, which corresponds to a binding site with a
pKa value of 7 (Zimmerman, 2010).
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When comparing the logβ values for Pu(IV) in Tables 2.2 and 2.3, as well as the
logβ value for the Pu(IV)-HA complex determined by Zimmerman (2010), to those
presented in the discussion of Pu(IV) hydrolysis, it can be observed that many of the
organic complexes are much stronger than the hydrolysis products.

Therefore, the

presence of organic materials will lead to radically different speciation in comparison
with a NOM-free system. These interactions could lead to increased aqueous phase Pu
concentrations due to the formation of stable aqueous complexes, increased colloidal
phase Pu concentrations due to the aggregation of organic complexes, or increased solid
phase Pu concentrations due to the sorption of Pu-NOM complexes.
Generally, Pu(IV) is the most common oxidation state of Pu in subsurface
environmental conditions. The presence of natural organic matter further increases the
likelihood that Pu(IV) will be the dominant oxidation state and will likely reduce more
oxidized forms due to the strong likelihood that plutonium will complex with organic
matter (Choppin, 2003; Roberts et al., 2008). Also, sorption studies involving humic
substances have shown that Pu(IV) is the most prevalent oxidation state even when
Pu(III) is used as the starting oxidation state (Banik et al., 2007b). EXAFS and XANES
data have shown that in the presence of citric acid, Pu exists in the tetravalent oxidation
state as a complex with citric acid (Francis et al., 2006). Marquardt et al. (2004) verified
that in aqueous systems containing humic substances, Pu(V) and Pu(VI) are rapidly
reduced to Pu(IV), which was the stable oxidation state under the studied conditions.
Andre and Choppin (2000) and Szabo et al. (2010) have also exhibited the reduction of
Pu(V) to Pu(IV) in the presence of humic acid, with divalent cations present and with the
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ionic strength varied. Blinova et al. (2007) determined that lower molecular weight
organic materials, like fulvic acids, foster the reduction of Pu(V) to Pu(IV) more quickly.
As this work primarily focuses on Pu behavior in the subsurface environment, and aims
to achieve stability constants for use in prediction of Pu mobility, experiments and
discussion will focus on the Pu(IV) oxidation state. The experiments described in this
project use Pu(IV) as the starting material, and maintain conditions so that it can be
assumed that Pu(IV) continues to be the dominant oxidation state based on complexation
with NOM and NOM surrogates (Andre and Choppin, 2000). Therefore, in any system
involving plutonium and NOM, it will be assumed that the plutonium exists primarily in
the Pu(IV) oxidation state.

PLUTONIUM SORPTION
NOM-FREE SYSTEM
Due to the high effective charge on Pu(IV) species, tetravalent plutonium often
exhibits sorption to mineral surfaces or sediments, limiting its mobility in the
environment. Surfaces are complex, but can often be represented by the surface sites
≡SOH, ≡SOH2+, and ≡SO- (Maurice, 2009). The relative proportion of the different
surface sites will be dependent on the pH of the system as well as the respective pKa
values. The ≡SOH2+ sites will dominate at low pH, ≡SOH will dominate at mid-range
pH, and ≡SO- sites will dominate at high pH. For cationic sorption, this implicates that
the greatest amount of sorption should be expected to occur at high pH due to
electrostatic attraction to negative surface sites.
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The fraction of protonated vs.

deprotonated sites is dependent on the characteristics of the mineral and the solution ionic
strength value. Each mineral has a point of zero charge (pzc), where the number of
doubly protonated sites (≡SOH2+) is equal to the number of deprotonated sites (≡SO-), so
this pzc value will affect the pH regions at which various ions sorb (Stumm and Morgan,
1996). Sorption processes can be reversible or irreversible, or some combination of the
two (Silva and Nitsche, 1995). Also, sorption occurs due to both chemical forces,
including covalent bonding hydrogen bonding, and hydrophobicity, and electrostatic
forces, including van der Waals forces and charge attraction or repulsion (Stumm and
Morgan, 1996). There are multiple types of surface complexes that occur due to sorption.
Inner-sphere complexes occur when a species sorbs directly to the surface and form
chemical bonds with that surface (Maurice, 2009). Weaker outer-sphere complexes
occur due to electrostatic forces and involve an ion sorbing to a surface through the
surface’s hydrating water molecules (Maurice, 2009). Also, bidentate surface complexes,
in which the ion binds to two sites on the surface, are possible (Stumm and Morgan,
1996).
As Pu(IV) species are positively charged, they will preferentially sorb to surfaces
with a negative charge, and therefore will be expected to exhibit greater sorption with
increasing pH. Pu(IV) species have traditionally been expected to sorb readily, and
therefore have limited mobility in the subsurface environment. Figure 2.10 shows the
sorption of Pu(IV) and Pu(V) to gibbsite after an equilibration period of 24 hours.
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Figure 2.10: Pu(IV) and Pu(V) sorption to gibbsite after an equilibration period of 24
hours. Pu-238 concentration of 10-10 M, gibbsite surface site concentration of 10 m2/L, I
= 0.01 M NaCl, CO2(g) free atmosphere. (Powell et al., 2008)
Kaplan et al. (2004) determined that in a lysimeter, Pu(IV) species moved only
approximately 12 cm over an 11 year experiment with 1290 cm of rainfall, with the
majority of Pu remaining in the first 5 cm near the source. Powell et al. (2004, 2005)
observed that in a system containing either magnetite, hematite, or goethite, Pu(V) was
reduced to Pu(IV) and exhibited almost 100% sorption at pH values above 5, given
sufficient equilibration time. Lu et al. (1998) showed that after an equilibration period of
5 days, Pu(IV/V) was sorbed to hematite, goethite, smectite, and silica at ratios of 100%,
97-100%, 94-100%, and 46-86%, respectively. Figure 2.11 summarizes these results.
Due to the results of these numerous studies showing high sorption of Pu, assessments
investigating the risk associated with the burial of Pu-bearing wastes traditionally
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assumed low mobility of Pu under subsurface conditions. However, none of the above
studies considered the influence of organic matter.

Figure 2.11: Sorption of Pu(IV/V) to various mineral phases in the absence of organic
materials by type of Pu source and natural or synthetic groundwater (Lu et al., 1998).

PLUTONIUM SORPTION IN THE PRESENCE OF COMPLEXING NOM
The interactions of plutonium with natural organic matter have been observed in
several studies.

Due to the numerous studies that have shown strong sorption of

plutonium to the solid phase, it was previously assumed that plutonium had very limited
mobility in the environment (Lu et al., 1998; Runde et al., 2002; Kaplan et al., 2004;
Powell et al., 2005; Xu et al., 2008). However, many of these sorption studies did not
consider other materials present that could impact plutonium’s behavior, including NOM.
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Zhao et al. (2011) has shown that at the Nevada Test Site, dissolved organic matter
causes the Kd for Am(III) and Pu(IV) to be drastically lower (3-80 times lower), and the
Kd for Np(V) and U(VI) to be slightly lower. NOM may increase or decrease sorption of
Pu to the mineral phase, depending on the environmental conditions. Although the
impact of humic substances (HS) can be ambiguous, it is believed that HS can have a
drastic impact on plutonium sorption, therefore influencing the mobility and transport of
plutonium in the subsurface environment (Banik et al., 2007a). Due to their capacity for
complexing metals, it is believed that environmental ligands may decrease plutonium
sorption, increasing the capacity for migration (Buda et al., 2008; Xu et al., 2008). In
experiments performed by Xu et al. (2008), NMR characterization of Pu-bound material
revealed organic character, consisting of the following most common functional groups:
carboxyl/amide groups, aromatic rings, carbohydrates, and aliphatic chains. In studies
where the level of dissolved organic carbon (DOC) was varied, Nelson et al. showed that
the structure of the organic material is significant, as opposed to solely the concentration
of carbon (Nelson et al., 1985). Therefore, for a given proposed repository site, many of
the possible organic ligands must be included in modeling parameters. In order to
include this NOM effectively, their unique interactions with plutonium, other
radionuclides, and decay products must be investigated. Humic substances, and more
specifically fulvic acid, is of particular importance. Fulvic acid is ubiquitous in the
environment, and can decrease sorption of plutonium to the mineral phase, therefore
increasing the likelihood of transport. Furthermore, stability constants for Pu-fulvic acid
complexes are not currently known.
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In addition to binary studies investigating the interactions of Pu with either NOM
or surfaces, ternary studies are also needed to better understand the potential for
radionuclide migration in the environment (Banik et al., 2007a). When a metal ion, a
ligand, and a surface are present, a ternary surface complex can form. Ternary surface
complexes have been classified as either Type A complexes or Type B complexes
(Schindler, 1990). In a Type A complex, the metal ion binds to the surface and the
ligand, in the following conformation:
≡S-O-M-L
At near neutral pH, the above surface complex would form with the release of a proton
from the surface hydroxyl group. However, if the ligand exchanges with the hydroxyl
group from the surface and binds in its place, the metal ion can then bind to the ligand,
and the ternary complex (Type B) would be:
≡S-L-M
A common way to study the ternary system is to use batch sorption experiments.
Centrifugation and filtration steps may be used to classify material as particulate,
colloidal, or dissolved (Roberts et al., 2008). Liquid scintillation counting or inductively
coupled plasma mass spectrometry (ICP-MS) may be used to quantify the amount of
plutonium contained in each of the three phases. For ternary system batch sorption
experiments, studies have confirmed that the order of addition of components is not
significant given sufficient equilibration time (Roberts et al., 2008; Buda et al., 2008).
Also, several studies have shown that the equilibration time is fairly short, with
equilibrium being reached after one week (Roberts et al., 2008; Nelson et al., 1985;
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Banik et al., 2007b). For ternary systems, it can be expected that the sorption of Pu to
vial walls is minimal (< 10%), while this may not be the case in the binary system of PuNOM, since the competition with the mineral phase is absent (Roberts et al., 2008; Banik
et al., 2007a). In a study involving the sorption of Pu(V) and Np(V) to boehmite in the
presence of HEDPA, at low pH values, sorption increased in the ternary system in
comparison with the binary system, possibly indicating the formation of a ternary surface
species (Powell et al., 2010). Also in this study, it was observed that Pu exhibited
stronger sorption behavior than Np, which may indicate reduction of Pu(V) to Pu(IV)
(Powell et al., 2010). An increase in the sorption of Pu in the Pu-NOM-gibbsite system
as opposed to the Pu-gibbsite system may be attributed to the formation of a ternary
surface complex due to the presence of the NOM. However, spectroscopic data are
needed to unequivocably verify these surface species.

MODELING APPROACHES
To effectively determine stability constants for the Pu-FA complexes, a model is
needed that can accurately represent the collected data. Previous studies have indicated
that using a “summed-binary” approach is not sufficient to model a ternary system
(Lenhart and Honeyman, 1999). To adequately include NOM in geochemical models,
parameters must be developed that can be used over an environmentally relevant range of
conditions (Lenhart and Honeyman, 1999). Perhaps the best way of achieving this is
determining the stability complexes for different types of metal-NOM complexes,
including the Pu-FA complexes. For modeling reactions of large organic materials,
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previous researchers have used assemblies of smaller, monoprotic acids with assumed,
fixed pKa values (Westall et al., 1995). The starting assumed pKa values are generally 4,
6, 8, and 10, as these values cover the environmentally relevant pH range (Westall et al.,
1995). The pKa values can be assumed to correspond to functional groups existing in the
molecule. Generally, the values 4 and 6 will correspond to carboxylic acids, 8 will
correspond to amino acids, and 10 will correspond to phenols (Westall et al., 1995). The
pKa values can be adjusted to best fit the data until a reasonable model is achieved. In
this work, the Pu-FA stability constants will be modeled using solubility data comparing
the solubility of PuO2 nanoparticles in the presence of fulvic acid to the NOM-free
system.
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CHAPTER THREE
OBJECTIVE AND APPROACH
GOAL:
The primary goal of this research project is to model plutonium sorption to
gibbsite in the presence of the organic materials fulvic acid, citric acid, humic acid, and
DFOB. The focus is on plutonium behavior and thus sorption of these organic materials
is not examined in a similar level of detail. Formation of plutonium-organic matter
aqueous complexes in conjunction with a surface complexation model will be used to
predict the results of batch sorption experiments. As a stability constant for plutonium –
fulvic acid complexation is not currently available, this parameter will be determined
through solubility experiments so that the plutonium-fulvic acid-gibbsite system can be
modeled.

EXPERIMENTAL OBJECTIVES:
1) Solubility Experiments
a. Measure the aqueous phase plutonium content in samples containing PuO2
nanoparticles.
b. Measure the increased aqueous phase plutonium content in samples
containing PuO2 nanoparticles after the addition of fulvic acid.
2) Batch Sorption Experiments
a. Perform batch sorption experiments involving Pu(IV), gibbsite, and either
fulvic acid, humic acid, citric acid, or DFOB, or in the absence of NOM.
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b. Determine the fraction of Pu remaining in the aqueous phase in the
presence and absence of NOM.
3) Modeling
a. Use the increased aqueous phase Pu content from the solubility
experiments in the presence of fulvic acid to determine stability constants
for Pu-FA complexes.
b. Use aqueous stability constants and a surface complexation model to
predict the batch sorption experimental data.
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CHAPTER FOUR
MATERIALS AND METHODS
MATERIALS
Plutonium-238 working solutions were prepared using stock solutions obtained
from Isotope Products (Valencia, CA) without further purification. Plutonium-242
working solutions were prepared from New Brunswick Laboratories Standard Reference
Material 130. The 1mg SRM was dissolved in 8M HNO3 and used without further
purification. Fulvic acid was obtained from the International Humic Substances Society
(IHSS Suwanee River Fulvic Acid Standard I). Humic acid was also obtained from the
International Humic Substances Society (Leonardite Humic Acid), and was dialyzed
prior to use to remove ash content. Both the humic and fulvic acids were dialyzed using
a 1000 MWCO dialysis membrane. However, the fulvic acid lost 80% of its mass in
dialysis, so the undialyzed suspension was used in the experiments. For humic acid, the
total organic carbon concentration was measured after dialysis to determine
concentration. The functional group contents of the humic and fulvic acids used in this
experiment as fractions of the total carbon are summarized in Table 4.1, and the
elemental content can be found in Appendix A.
Table 4.1: Functional group content as the percentage of total carbon (IHSS, 2011)
Suwanee River I Fulvic Acid
Leonardite Humic Acid
Carbonyl
7
8
Carboxyl
20
15
Aromatic
24
58
Acetal
5
4
Heteroaliphatic
11
1
Aliphatic
33
14
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Citric acid solutions were prepared using ACS grade citric acid monohydrate
manufactured by Alfa Aesar. ACS grade Desferrioxamine-B (DFOB) was obtained from
Sigma Aldrich.
Synthetic gibbsite was obtained from Ward’s Scientific and was purified by
mixing 10 g of the gibbsite in approximately 180 mL of 0.1 M NaOH. The suspension
was then centrifuged at 8000 RPM in a SLA-1500 Super-lite fixed-angle rotor to leave
particles less than 100 nm in the supernatant. After decanting the supernatant, the pellet
was mixed with approximately 180 mL of 0.1 M HCl for 1 hour, then centrifuged using
the same parameters as in the previous step. After again decanting the supernatant, the
pellet was mixed with DI water for approximately 1 hour, and then centrifuged using the
same parameters as in the previous step. The pellet of gibbsite was washed with DI water
using the same procedure described above an additional 4 times, then the final wet solids
were dried on a glass petri dish in an oven at 105 ºC. Powder x-ray diffraction analysis
confirmed the material as gibbsite with no visible impurities.
Liquid scintillation counting (LSC) was performed using Optiphase HiSafe 3 LSC
cocktail (Perkin Elmer 1200-437).

Deionized water was prepared using a Milli-Q

filtration system. Centrifugal filters were Microsep and Nanosep Centrifugal Devices
with Omega membranes (Pall Corporation).

BATCH SORPTION EXPERIMENTS
Batch sorption experiments were performed using a total Pu-238 concentration of
1.11 x 10-10 M (0.45 μCi/L), a gibbsite concentration of 5 g/L, and a NOM concentration
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of 5.5 or 50.5 mg C/L. Also, NOM-free samples were prepared to analyze the sorption of
Pu to gibbsite in the absence of NOM. The experiments involving fulvic acid were run at
a fulvic acid concentration of 5 or 50 mg FA/L, which corresponds to carbon
concentrations of 2.62 or 26.22 mg C/L, respectively. For direct comparison, the molar
concentrations of each constituent are shown in Table 4.2.
Table 4.2: Molar concentrations of each component in the batch sorption experiments
Gibbsite
Fulvic
Humic
Citric
Pu-238
Binding Sites
DFOB
Acid
Acid
Acid
(AlOH sites)
0
mg C/L 1.11 x 10-10
3.63 x 10-5
0
0
0
0
Studies
5.5
mg C/L 1.11 x 10-10
3.63 x 10-5 8.19 x 10-5 5.15 x 10-5 7.64 x 10-5 1.76 x 10-5
Studies
50.5
mg C/L 1.11 x 10-10
3.63 x 10-5 8.19 x 10-4 4.74 x 10-4 7.01 x 10-4 1.62 x 10-4
Studies
*Note: Fulvic acid studies were performed as 5.5 and 50.5 mg FA/L; the AlOH site
determination required an assumption of 2.3 sites/nm2; fulvic acid site concentrations
were determined by potentiometric titrations (discussed below), and are similar to IHSS
reported site concentrations of 4.40 x 10-5 M and 4.04 x 10-4 M for 5.5 and 50.5 mg
FA/L, respectively; humic acid site concentrations were determined by Zimmerman
(2010).
Both Pu-238 and gibbsite, in separate solutions, were equilibrated with the
organic material for 1 week prior to spiking the Pu-238/NOM working solution into the
gibbsite and NOM solution. This was done to minimize possible experimental artifacts
due to the order of addition of Pu, the NOM, and the gibbsite (Banik et al., 2007a). If the
Pu-238 had been pre-equilibrated with the gibbsite, a large amount of sorption would
have occurred, and the desorptive processes could have been very slow. This method of
adding components was designed in the hopes that equilibrium would be reached in the
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shortest possible period of time. For the fulvic acid experiments, the Pu-238/NOM
working solution contained 2.21 x 10-9 M Pu-238 (9 μCi/L) and 10 mg FA/L in a total
volume of 25 mL. For the experiments involving other types of NOM, the Pu-238/NOM
working solution contained 2.21 x 10-9 M Pu-238 (9 μCi/L) and 10 mg C/L in a total
volume of 50 mL. Solid-free samples were also prepared to monitor possible losses of
aqueous Pu not due to sorption to gibbsite. All samples were prepared with a 0.1 M NaCl
background using deionized water in poly-propylene vials. Samples were prepared in
duplicate, and were adjusted to pH values of 3, 5, 7, and 9 using 0.01 and 0.1 M HCl and
NaOH. Samples were mixed on an end-over-end tumbler. For the fulvic acid samples,
sampling events occurred at 1, 7, and 33 days. For the rest of the organic materials,
sampling events occurred at 7 and 14 days. At sampling events, 1 mL of each sample
was removed by pipet into a small centrifuge tube and centrifuged at 8000 RPM for 30
minutes to remove the solid phase using a F2402H fixed angle rotor in an Allegra X-22R
centrifuged manufactured by Beckman Coulter. This was calculated to leave particles
less than 100nm in the supernatant (Jackson, 1958). After centrifugation, 0.75 mL of the
supernatant was added to a scintillation vial then filled with HiSafe 3 scintillation
cocktail. Also, 0.5 mL of each sample was pipetted into a 30k molecular weight cut off
(MWCO) centrifugal filter. The filters were centrifuged at 7500 RPM for 5 minutes,
after which the filtrate was discarded and the reservoir was refilled. The filters were then
centrifuged at 7500 RPM for 20 minutes, then 0.4 mL of the filtrate was added to a
scintillation vial and filled with HiSafe 3 cocktail. The concentration of Pu-238 in the
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aqueous phase was analyzed using 1 hour counts on a Wallac 1415 liquid scintillation
counter. Blanks were prepared containing only HiSafe 3 and distilled-deionized water.
For zeta-potential analysis, fulvic acid samples of 5 and 50 mg/L at pH values of
4, 6, 8, and 10 were prepared. Gibbsite samples of 5 g/L were also prepared at pH values
of 4, 6, 8, and 10. All samples were prepared in a 0.1 M NaCl background and analyzed
on a Brookhaven 90 Plus particle size analyzer with a zeta PALS module.
At the conclusion of the batch sorption experiments involving fulvic acid as the
NOM, the remaining solution was decanted from the odd-numbered samples and all
blanks and a vial washing procedure was performed. Ten mL of 0.1 M NaCl were added
to the vials, and they were tumbled for 1 hour. A 1 mL aliquot was removed and
analyzed for Pu-238 content using LSC. Then, sodium hydroxide was added to the
samples to achieve a final concentration of 0.1 M NaOH, and the samples were again
tumbled for 1 hour. A 1 mL aliquot was again removed and counted using LSC.
At the conclusion of the batch sorption experiments involving Pu sorption to
gibbsite in the absence of NOM, oxidation state analysis was performed due to the
increased aqueous phase Pu concentration compared with what was expected. The pH 3
and pH 5 samples were used for this analysis. Lanthanum fluoride co-precipitation and
PMBP and HEDHP solvent extractions were used to separate the different oxidation
states of Pu (Kobashi and Choppin, 1988; Bertrand and Choppin, 1982; Foti and Freiling,
1964; Neu et al., 1994; Nitsche et al., 1988). A 0.5 mL aliquot of each sample was
transferred to an LSC vial with 5 mL of HiSafe 3 scintillation cocktail. A PMBP
extraction was performed by adding 0.8 mL of the sample to 0.5 mL PMBP. The sample
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was mixed for 3 minutes, then centrifuged briefly to aid in separating the aqueous and
organic phases. Each phase was analyzed for Pu content by LSC in HiSafe 3 cocktail.
The organic phase contained the Pu(IV), while the aqueous phase contained the Pu(V)
and Pu(VI). An HDEHP extraction was performed using the same volumes and method
as the PMBP extraction. In this extraction, the organic phase contained the Pu(IV) and
Pu(VI), while the aqueous phase contained the Pu(V).

A lanthanum fluoride co-

precipitation reaction was performed transferring 0.5 mL of the sample to a 1.5 mL
centrifuge vial and adding 1.0 mL of La(NO3)3 stock followed by 10 μL of concentrated
HF. The sample was gently mixed for 1 minute, the centrifuged at 8000 RPM for 1
minute. The supernatant was analyzed for Pu content by LSC in HiSafe 3 cocktail. In
this co-precipitation reaction, Pu(III) and Pu(IV) were in the solid phase, while Pu(V) and
Pu(VI) were in the supernatant.
Fulvic acid solutions at concentrations of 5 and 50 mg/L in 0.1 M or 0.01 M NaCl
background solutions at pH values spanning the range used in the batch sorption
experiments were passed through all centrifugal filters used in the experiments to verify
that the fulvic acid passed through the filters. The fulvic acid content was analyzed
before and after filtration using UV-vis measurements at 254 nm on a Varian-Cary 50
Bio UV-Visible Spectrophotometer.

SOLUBILITY EXPERIMENTS
It was determined that fulvic acid could not be effectively separated from the
aqueous phase using ultra-filtration in the batch sorption experiments (data in Appendix
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B), so solubility experiments involving Pu-242 nanoparticles and fulvic acid were
designed. PuO2(s) nanoparticles were prepared exactly as described by Powell et al.
(2011) except experiments were performed in an oxygen free glove box containing a
nitrogen atmosphere in an attempt to limit oxidation of Pu(IV) to Pu(V). Distilleddeionized water was boiled then filtered through a 100 nm syringe filter and was used for
all sample preparation. Samples were prepared in duplicate containing 10-6 M Pu-242
with a 0.1 M NaCl background, and adjusted to pH values of 4-9 using HCl and NaOH.
A few crystals of sodium nitrite were added to each sample to drive Pu to the tetravalent
oxidation state. After 1 week of equilibration, two 0.5 mL aliquots were removed from
each sample. One aliquot was added to a 30k MWCO centrifugal filter, and the other
was centrifuged in a F2402H fixed angle rotor at 12000 RPM for 17 hours. These
centrifugation conditions were calculated to leave particles less than 10 nm in solution
(Jackson, 1958). After 4 weeks, a filtration step using 10k MWCO filters was added to
the protocol. The Pu-242 content in the aqueous phase was analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) in 2% HNO3 using Pb-208 and U-238 as
internal standards. Twenty-four samples were prepared at the start of the experiment.
After one week of equilibration, the samples were split into two sets and fulvic acid was
added to each sample to a final concentration of 5 or 50 mg/L. The samples were
allowed to equilibrate on an end-over-end shaker and sampling events occurred at 1, 2, 4,
and 7 weeks after the addition of fulvic acid. At the Week 7 sampling event, the aqueous
Pu-242 content of the samples was measured without using a filtration method to
determine if the total concentration of Pu-242 could be accounted for, or if the Pu was
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stuck to the vial walls. The following solid phase separation methods were utilized at
each sampling event:
Table 4.3: Separation methods used per sampling event
Sampling event Separation methods
Week 1
30k MWCO Centrifugal Filter, Centrifugation to <10 nm
Week 2
30k MWCO Centrifugal Filter, Centrifugation to <10 nm
Week 4
30k and 10k MWCO Centrifugal Filters, Centrifugation to <10 nm
Week 7
30k and 10k MWCO Centrifugal Filters, Centrifugation to <10 nm,
Unfiltered samples

At each sampling event, the aqueous phase of the samples were diluted into 2% HNO3
and analyzed for Pu-242 content using ICP-MS.
To test if equilibrium had been reached, at 13 weeks after the addition of fulvic
acid, 3 samples containing 5 mg FA/L, 3 samples containing 50 mg FA/L, and 1 sample
containing 0 mg FA/L were sampled using 30k MWCO centrifugal filters, 10k MWCO
centrifugal filters, and no filtration method. As in previous sampling events, the samples
were diluted into 2% HNO3 and analyzed for Pu-242 content using ICP-MS. After the
final samples were pulled from the vials, the remainder of each sample was decanted and
a protocol was used to examine Pu sorption to the vial walls. Five mL of a pH 12 NaOH
solution were added to each sample vial, and the vials were tumbled for 1 hour on an end
over end tumbler. An aliquot was collected from each vial for ICP-MS analysis, and the
pH 12 solution was decanted. Then, 5 mL of a pH 1 solution were added, and the vials
were again tumbled for 1 hour, then an aliquot was collected for ICP-MS analysis. It was
determined that more Pu-242 was present in aqueous solution during the acid wash, so
the acid content was increased to approximately 2.2 M, and the vials were tumbled for 3
days, after which an aliquot was analyzed for Pu-242 content by ICP-MS.
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Gibbsite samples were prepared and analyzed before and after the addition of
fulvic acid to determine the solubility of gibbsite and to examine the competition of Al
with Pu. Samples were prepared in duplicate containing 5 g/L gibbsite with a 0.1 M
NaCl background and adjusted to pH values between 3 and 9 with HCl and NaOH. At 3
and 7 days after sample preparation, 2 mL aliquots of each sample were passed through a
30k MWCO centrifugal filter and analyzed for aluminum content using ICP-MS. After
the 7 day sampling event, fulvic acid was added to the samples at concentrations of 5 or
50 mg/L. At 3 and 7 days after the addition of fulvic acid, the samples were again
filtered through a 30k MWCO centrifugal filter and analyzed for aluminum content using
ICP-MS.

MODELING
To model the data obtained in this project, the modeling programs FITEQL 4.0
and FIT4FD were used (Herbelin and Westall, 1999). FIT4FD is the FITEQL 4.0
program which has been recompiled in Fortran 90 with additional features such as b-dot
activity correction, an improved minimization routine, and improved speciation database
retrieval. FITEQL 4.0 was used to model fulvic acid titration data to determine the total
binding site concentrations. FIT4FD was used to model the batch sorption experiment
data and the solubility data. FIT4FD was used because it was determined some systems
with very large stability constants (such as the DFOB systems) are ineffectively modeled
using FITEQL 4.0. For the fulvic acid models, the results obtained from the binding site
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concentration model were used in the models for the batch sorption and solubility
experiments. Model development and results are described in Chapter 5.

Fulvic Acid Acid-Base Titrations
To determine the binding site concentration of fulvic acid, acid-base titrations
were performed. The total fulvic acid concentration for the titrations was targeted at 100
mg/L in a 0.1 M NaCl background at a total initial volume of 50 mL. Included in the
initial volume were 3 mL of 0.1 M HCl, added to provide a low pH starting value for the
titrations. All volumes in the initial cell were monitored gravimetrically. Titrations were
conducted using a Metrohm 836 Titrino titrator under an argon gas atmosphere at room
temperature. Prior to entering the headspace of the titration vessel, the argon gas was
passed through a graduated cylinder containing 0.1 M NaOH to remove trace CO2, then
an Erlenmeyer flask containing DDI water. The pH was monitored using a Thermo
Fisher Orion Ross Sure-Flow electrode, and the temperature was monitored using a
Metrohm Pt 1000 electrode. The pH electrode was calibrated after each back titration.
Forward titrations were performed by adding 0.02 mL of 0.1004 N NaOH with a pause
after each addition until the pH reading stabilized to 0.1 mV/min. The titration was
ended when the pH reached 10.2, after which back titrations were performed by adding
0.02 mL of 0.0999 N HCl with a 1 hour waiting period between each acid addition. The
total volume of acid added was equal to the total volume of base added in the forward
titration. Total, 3 forward titrations and 3 back titrations were performed.
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Using the pH data and the records of acid and base additions, the total H+
concentration was determined using the following equation (Westall et al., 1995):
THexp = Ca – Cb + TH0 = ΔTH + TH0
In the above equation, THexp denotes the total H+ concentration, Ca and Cb denote the total
concentrations of acid and base added during titration, and TH0 denotes the initial
concentration of acid or base. Ca and Cb are known from the recorded titration data,
while TH0 is determined by modeling the titration data using the program FITEQL 4.0.
Solubility Experiment Modeling
Due to the solubility experiments not reaching equilibrium, the stability constants
modeled will have uncertainty and should not be inserted into thermodynamic databases
without further verification. It appears that at high pH values, the 5 mg FA/L system is at
equilibrium, but at low pH values, the system is still changing as of the Week 13
sampling event. Also, the 50 mg FA/L system is still changing at all pH values. Since
the samples are still changing, they will be allowed to continue to equilibrate and will be
sampled again after 9 months and 1.5 years to determine the true equilibrium values. As
a modeling exercise, the 5 mg FA/L data will be modeled to obtain conditional Pu-FA
stability constants, which will then be used to predict Pu sorption to gibbsite.
Batch Sorption Experiment Modeling
Data obtained by Zimmerman (2010) was used to create a surface complexation
model for Pu(IV) and gibbsite. This surface model fit was used to predict Pu sorption in
the batch sorption experiments. Two approaches were taken. First the systems were
predictively modeled with no adjustable parameters by including the Pu-NOM aqueous
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complex stability constants incorporated into the database (Table 4.4). Unsuccessful
prediction of the observed data gave some indications that ternary surface complexes may
be involved. Therefore, the data were modeled where ternary Pu-NOM-surface
complexes were allowed and their equilibrium constants were treated as adjustable
parameters to fit the observed data.
Table 4.4: Aqueous stability constants for Pu(IV)-NOM complexes.
Complex
Reaction
logβ
Pu(Citrate)+
Pu4+ + Cit3-  Pu(Cit)+
15.6
24+
32Pu(Citrate)
Pu + 2Cit  Pu(Cit)2
29.8
PuH2(DFOB)4+
Pu4+ + DFOB2- + 2H+  PuH2(DFOB)4+
36.12
3+
4+
2+
3+
PuH(DFOB)
Pu + DFOB + H  PuH(DFOB)
36.16
Pu(DFOB)2+
Pu4+ + DFOB2-  Pu(DFOB)2+
35.70
+
4+
2+
Pu(DFOB)(OH)
Pu + DFOB + H2O  Pu(DFOB)(OH)
15.48
PuH2(DFOB)22+
Pu4+ + 2DFOB2- +2H+  PuH2(DFOB)22+
64.67
+
4+
+
+
Pu(OH)2L3
Pu + HL3 + 2H2O  Pu(OH)2L3 + 3H
6.76
*Note: Pu-citrate stability constants obtained from Clark et al. (2006). Pu-DFOB stability
constants adapted from Boukhalfa et al. (2007) and adjusted to zero ionic strength using
the Davies equation. Pu-humic acid stability constant, where humic acid represented by
the HL3 binding site with a pKa of 7, obtained from Zimmerman (2010).
For each type of NOM, the total NOM concentration in mg/L or mg C/L was used to
calculate the molarity of the NOM in solution. For humic acid, Zimmerman (2010)
determined that the binding site represented by HL3 best modeled Pu complexation with
humic acid and had a concentration of 1.59 x 10-6 mols/mg C, so this value was used to
determine the total HL3 concentration in the models. The 5 mg C/L and 50 mg C/L data
for all NOM except for fulvic acid were fit simultaneously to achieve a fit that is more
applicable over a larger range of data. For fulvic acid, only the 5 mg/L data was modeled
due to the uncertainty in the modeled stability constants due to the solubility experiments
not reaching equilibrium. Since the 5 mg/L data appeared to be closer to equilibrium
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than the 50 mg/L data, the stability constant obtained using the 5 mg/L data was assumed
to be more reliable.
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CHAPTER FIVE
RESULTS AND DISCUSSION
BATCH SORPTION EXPERIMENTS
Experiments were run using Pu-238 and gibbsite to determine the fraction of Pu
sorbed in the absence of NOM. The results from the NOM-free data collected here and
the NOM-free data collected by Powell et al. (2008) and Zimmerman (2010) can be seen
in Figure 5.1.
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Figure 5.1: Sorption of Pu to gibbsite in the absence of NOM. Gibbsite concentration of 5
g/L, and Pu-238 concentration of 10-10 M in a 0.1 M NaCl background. Solid phase
separated from aqueous phase using centrifugation at 8000 RPM for 20 minutes. Data
collected after a 7 day equilibration period. Previous data from Powell et al. (2008) and
Zimmerman (2010).

The results obtained showed lower sorption than expected for Pu(IV), particularly at
lower pH ranges. Therefore, it was hypothesized that Pu(IV) may have been oxidized to
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Pu(V). When comparing the method of sample preparation to that of Zimmerman (2010)
and Powell et al. (2008), the extent of oxidation to Pu(V) can be determined. In the data
collected here as well that collected by Powell et al. (2008), the Pu(IV) stock solution in
1 M acid had been spiked into all samples prior to the adjustment of pH, bringing the pH
of the samples down to the 2-3 range, and stimulating oxidation of Pu(IV) to Pu(V)
which will occur in oxic solutions with soluble Pu(IV) present. At the low pH of those
systems Pu(IV) sorption kinetics are relatively slow allowing Pu(IV) to persist in the
aqueous phase and oxidize to Pu(V) as previously shown in solid-free control samples
(Powell et al., 2008). As Powell et al. (2008) prepared more samples (~30), the samples
remained at the low pH values for a longer period of time than the samples prepared in
this experiment, leading to greater oxidation to Pu(V) and thus a greater concentration of
aqueous Pu. The oxidation of Pu(IV) to Pu(V) was verified in the samples (Powell et al.,
2008) using solvent extraction.

Similarly, in this work, at the conclusion of this

experiment two samples were chosen for oxidation state analysis. The analysis revealed
that the pH 3 sample consisted of 2.65% Pu(IV) and 87.15% Pu(V), while the pH 5
sample consisted of 0.47% Pu(IV) and 93.34% Pu(V). The remainder was Pu(VI).
Based on this hypothesis, the data collected here shows more sorption of Pu to gibbsite
than in the data collected by Powell et al. (2008) because the samples remained at the low
pH value for a shorter period of time, allowing for less Pu(IV) oxidation to Pu(V).
However, in the samples prepared by Zimmerman (2010), the Pu(IV) stock was spiked
into each sample individually, and the pH was immediately adjusted. This limited the
oxidation of Pu(IV) to Pu(V), which was manifested as increased sorption of Pu. Since it
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was assumed that Pu was in the tetravalent oxidation state in the experiments involving
NOM, data describing Pu(IV) sorption to gibbsite was needed for the NOM-free case,
therefore the data collected by Zimmerman (2010) was used. Indeed the small fraction of
aqueous Pu observed by Zimmerman (2010) was also Pu(V) indicating that the slight
oxidation to Pu(V) cannot be completely prevented under oxic conditions. Due to the
least amount of Pu(V) formation observed, the Zimmerman (2010) data was determined
to be the more reliable dataset for Pu(IV) sorption to gibbsite. This data was fit with a
diffuse layer surface complexation model which is described in detail below. This model
output was used for comparison with the ternary system data discussed below in the
“Modeling” section.
Pu(IV) sorption to gibbsite was altered by all NOMs tested when compared with
the NOM-free model built using data collected by Zimmerman (2010). Due to the
presence of organic materials in the samples, it was assumed that Pu existed in the
tetravalent oxidation state. The ability of natural organic matter and strong binding
ligands to reduce Pu(V/VI) to Pu(IV) has been previously demonstrated (Andre and
Choppin, 2000; Choppin, 2003; Roberts et al., 2008; Banik et al., 2007b; Francis et al.,
2006; Marquardt et al., 2004; Szabo et al., 2010; Blinova et al., 2007).

Multiple

sampling events revealed that equilibrium had been reached after an equilibration period
of 7 days (additional data provided in Appendix B). The results of the batch sorption
experiments are summarized in Figure 5.2.
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Figure 5.2: The effect of different NOM on the sorption of Pu(IV) to gibbsite. Data collected after a 7 day equilibration
period. Gibbsite concentration of 5 g/L, and Pu-238 concentration of 10-10 M in a 0.1 M NaCl background. Solid phase
separated from aqueous phase by 30k MWCO filtration.
*Note: Fulvic acid samples were prepared as mg FA/L. Therefore, the carbon concentrations are 2.62 mg C/L and 26.22
mg C/L.

At low pH values in gibbsite free systems containing FA, some loss of aqueous
Pu was observed. To quantify the fraction of Pu-FA complexes that remained in the
aqueous phase after the filtration, filtration experiments using a variety of pore size filters
were performed. The results of these experiments are seen in Figure 5.3.
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Figure 5.3: Percentage of fulvic acid remaining in solution after various filtration steps
(30k, 10k, and 3k MWCO centrifugal filters). For all tests, the background electrolyte
was NaCl. Fulvic acid content analyzed by UV-vis spectroscopy (absorbance at 254 nm).

Since 30k MWCO filters were used to separate the gibbsite from the Pu and FA, it can be
assumed that for pH values above 3, the majority of the fulvic acid passes through the
filters, and therefore Pu-FA complexes pass through the filters. The loss of aqueous Pu at
pH 3 observed in gibbsite free samples in Figure 5.3 can likely be attributed to filtration
of Pu-FA complexes. It is noteworthy that there was generally no or little loss of aqueous
Pu in gibbsite free citric acid and DFOB solutions. This is expected based on the
relatively low molecular weight of these ligands.
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For fulvic acid, the 5 mg FA/L data produced a negligible effect when compared
with the binary system. However, the presence of 50 mg FA/L significantly decreased
sorption when compared with the binary system. At pH 4, approximately 60% of the Pu
was sorbed.

This fraction decreased to approximately 30% at mid-range pH, then

increased back up to approximately 50% at pH 9.5. The increase in sorption at higher pH
can likely be attributed to the formation of hydrolysis products. To further investigate
this behavior zeta potential measurements were taken in systems containing gibbsite,
fulvic acid, and a gibbsite-fulvic acid mixture. The zeta potential data is shown in Figure
5.4.
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Figure 5.4: Zeta potential measurements for fulvic acid only, gibbsite only, and fulvic
acid and gibbsite suspensions. All samples prepared in a 0.1 M NaCl background.

With the exception of the irregular data point at pH 10, the samples containing only
gibbsite displayed a decreasing zeta potential as a function of increasing pH. This is
consistent with the surface changing from a net positive charge at low pH to a net

47

negative charge at high pH values. The samples containing only fulvic acid displayed a
negative zeta potential across the pH range, which would be expected due to the
deprotonation of the fulvic acid. At extremely low pH values where even the carboxylic
acid functional groups are protonated, the zeta potential may have approached a neutral
value and possibly turned positive. When fulvic acid and gibbsite are both present within
the system, the zeta potential values are still negative. This may indicate a fulvic acid
coating on the gibbsite particles, which negates the positive zeta potential present in the
gibbsite only system.
Similarly to the fulvic acid data, the data involving citric acid as the ligand
showed an increase in sorption at high pH. The 5 mg C/L and 50 mg C/L data were very
similar for this ligand.

Approximately 40% of the Pu was sorbed at pH 3, which

decreased to around 10% at pH 5 and 7, but then drastically increased to approximately
75% around pH 8. Again, the drastic increase at high pH can likely be attributed to the
hydrolysis products becoming dominant over the Pu-citrate complexes. The increase in
sorption at pH 3 could be a result of a mixture of sorbed and aqueous Pu species, or as the
result of the formation of a ternary surface complex.
The results of the experiments involving DFOB showed a significant increase in
aqueous phase Pu across the pH range.

For the samples containing 5 mg C/L,

approximately 30% sorption occurred, while for the samples containing 50 mg C/L, only
approximately 5% sorption occurred. At low and mid-range pH values, the fraction
sorbed was fairly constant. A slight increase in sorption was observed around pH 7,
likely due to the formation of hydrolysis products. For humic acid, it appears that at low
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pH values, sorption is increased when compared with the binary system. This may
indicate the formation of a ternary surface complex. When this NOM is involved,
sorption decreases as pH increases.
It appears that humic acid has the least profound effect on sorption of all the
NOM tested. However, this observation is significantly influenced by the sampling
protocol used in these experiments. The samples were separated using centrifugation as
well as the 30k MWCO centrifugal filters. For fulvic acid, citric acid, and DFOB, the
results from the two separation methods were indistinguishable, indicating that the
gibbsite was effectively separated and no colloidal size species appear to be present.
However, for the humic acid samples, a much greater fraction of Pu was removed from
the aqueous phase when the samples were filtered, indicating that Pu-HA aggregates
were lost from solution. Different types of losses could have occurred. The aggregated
Pu-HA particles could have been filtered from solution, or the Pu-HA complexes could
have sorbed to the filter during the filtration process. It is important to note that the
aggregation likely consists of multiple molecules of HA, as opposed to one single
molecule. When the pH increases, HA deprotonates, which causes negatively charged
sites. Charge repulsion causes the molecule to spread out, effectively making a larger
molecule. However, the aggregation of several molecules is more likely to occur at low
pH, when there is not charge repulsion. The fraction of Pu removed when the samples
were filtered could be considered colloidal, and may be mobile in the aqueous phase.
Therefore, even though the results from the filtered data indicate that a large fraction of
Pu would remain “sorbed” in the presence of humic acid, the aggregated Pu-HA particles
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that were not centrifuged out of solution could be considered mobile Pu.

When

considering the centrifuged dataset, it appears that humic acid significantly reduces
impact sorption, even though these results are not apparent in the filtered dataset.
However, at pH 3, more Pu is absent from the aqueous phase, so at low pH there is the
possibility of ternary complexes, complexation of Pu with a large aggregation of HA
molecules, or a combination of both. The differences in the centrifuged and filtered
datasets can be observed in Figure 5.5.
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Figure 5.5: The effect of different methods of solid and aqueous phase separation on the
total aqueous phase concentration of Pu in solution. Humic acid concentration of 50 mg
C/L, gibbsite concentration of 5 g/L, and Pu-238 concentration of 1.1 x 10-10 M in a 0.1
M NaCl background. Centrifuged samples centrifuged at 8000 RPM for 20 minutes to
remove solid phase. Filtered samples separated by 30k MWCO centrifugal filter.

The results of the batch sorption experiments indicate that the relatively small
siderophores, citric acid and DFOB, reduce sorption most effectively. The datasets are
compared in Figure 5.6 below. Citric acid and DFOB decreased the fraction of sorbed Pu
when compared with the binary system for all pH values studied. Therefore, the presence
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of these materials in an environmental system would likely lead to increased mobility of
plutonium. Also, even in the presence of NOM, Pu sorption increases as the pH is raised,
indicating competition between aqueous Pu-NOM complexes and Pu hydrolysis products
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Figure 5.6: Comparison of different organic materials’ effect on Pu(IV) sorption to
gibbsite. NOM concentration of (A) 5 mg C/L (fulvic acid concentration of 2.62 mg
C/L), and (B) 50 mg C/L (fulvic acid concentration 26.2 mg C/L), gibbsite concentration
of 5 g/L, and Pu-238 concentration of 10-10 M in a 0.1 M NaCl background. Solid phase
separated from aqueous phase using a 30k MWCO centrifugal filter. Data collected after
a 7 day equilibration period.
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The solid free samples exhibited some loss of plutonium from the aqueous phase.
This loss may indicate that plutonium sorbed to the vial walls. In many previous studies,
the fraction of material sorbed to the vial walls is subtracted from the total as a correction
factor. However, this is an incorrect practice because in the presence of a solid phase,
there will be competition between the mineral surface and the vial walls. This will
effectively decrease sorption to the vial walls when a mineral phase is present.
Therefore, a vial washing procedure was used on the samples containing fulvic acid to
investigate the loss of plutonium from the aqueous phase in the presence and absence of a
solid phase. The results from the vial washing experiments are shown in Figures 5.7 and
5.8.

Figure 5.7: Results of sequential vial washing experiments for gibbsite-free samples.
Vials were first washed with 0.1 M NaCl for 1 hour, then with 0.1 M NaOH for 1 hour.
Pu-238 content was analyzed using LSC.
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Figure 5.8: Results of sequential vial washing experiments for samples containing
gibbsite. Vials were first washed with 0.1 M NaCl for 1 hour, then with 0.1 M NaOH for
1 hour. Pu-238 content was analyzed using LSC.
The vial washing results reveal that the fraction of plutonium sorbed to the vial walls is
much more significant in the gibbsite-free samples than in those containing gibbsite.
Since less than 10%, and in most cases less that 5%, of the Pu sorbed to the vial walls in
the samples containing gibbsite, this was considered a negligible fraction and should not
significantly impact the results of the batch sorption studies.

SOLUBILITY EXPERIMENTS
Figure 5.9 shows the solubility of Pu(IV) in a 10-6 M solution as a function of pH
in the presence and absence of fulvic acid.

The experiments were conducted in a

glovebox to minimize the possibility of oxidation of Pu(IV) to Pu(V) which would
artificially increase the observed Pu concentration. Preliminary studies indicated that the
Pu in the system was in the Pu(III/IV) oxidation state, based on the results of a LaF3 coprecipitation reaction (data in Appendix B). Due to the very low amount of radioactivity
in the samples, the solvent extraction data was not useful. Solubility studies of Pu(IV)
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oxides frequently observed a majority of aqueous Pu(V) at circumneutral pH values
where the total concentration is based on the pe of the system (Neck et al., 2007 and
references within). This has led researchers to propose formation of a PuO2+x solid phase
which is a mixture of Pu(IV) and Pu(V) (Neck et al., 2007), and the value of x is
dependent on the pe of the system. Therefore, keeping the dissolved oxygen content low
will minimize formation of oxidized species allowing examination of PuO2(s) solubility.

Pu-242 Concentration (M)

6E-08
5E-08
4E-08
3E-08

Filtered Samples

2E-08

Centrifuged Samples

1E-08
0
2

4

6

8

10

pH

Figure 5.9: Solubility of Pu-242 prior to the addition of fulvic acid. Total Pu-242
concentration of 10-6 M in a 0.1 M NaCl background. Solid phase separated from
aqueous phase in filtered samples by a 30k MWCO centrifugal filter, and in centrifuged
samples by centrifugation to less than 10 nm.
A relatively steady aqueous plutonium concentration of 2.5 x 10-8 M is observed as a
function of pH. This is consistent with formation of colloidal Pu species, some of which
may pass into the filtrate of the 30k MWCO filters. Powell et al. (2011) have recently
shown PuO2(s) colloids to be on the order of 2nm using the exact same preparation
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technique used in the current work.

Neck et al. (2007) describe the equilibrium

relationship between PuO2(s) and colloidal PuO2 as
PuO2(s) ↔ PuO2(coll)
with a logK value for the formation of the colloid of -8.3 ± 1.0. Therefore, the fairly
constant Pu concentration of around 2.5 x 10-8 M in the fulvic acid-free system is to be
expected. The Pu content is the same regardless of whether the samples are treated with
a 30k MWCO centrifugal filter or by centrifugation to less than 10 nm, so the colloidal
Pu species may not be filtered or centrifuged from solution. The only difference occurs
at the highest pH value, where there is a slightly higher Pu concentration in the aqueous
phase of the centrifuged sample as opposed to the filtered sample.
Figure 5.10 shows the increase in Pu-242 concentration over time after the
samples were amended with 5 mg/L and 50 mg/L fulvic acid. After addition of fulvic
acid, the Pu nanoparticle – fulvic acid system was slow to reach equilibrium. The
aqueous phase Pu-242 concentration increases more rapidly and to a higher level in the
presence of 50 mg FA/L as opposed to 5 mg FA/L. This data supports the hypothesis that
the fulvic acid forms aqueous complexes with Pu-242, therefore increasing its solubility.
Over time, the presence of fulvic acid seems to increase the concentration of Pu-242 in
the aqueous phase. Only a few samples were sacrificed at the week 13 sampling event.
Due to the relatively high Pu concentrations, these are relatively valuable samples and the
volumes have been significantly decreased with the sampling intervals. In order to
preserve samples for long term monitoring (years), only a few samples were selected for
sampling at week 13. As discussed below, it was determined from these data that the
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samples have not yet reached equilibrium. Therefore, the samples will remain in the
glove box, and sampling events will occur until equilibrium is reached. As this will
likely take several months, and possibly years, these data will only be discussed up to the
13 week sampling interval.
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Figure 5.10: Aqueous Pu-242 concentration over time for a fulvic acid concentration of
(A) 5 mg/L and (B) 50 mg/L, total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl
background. Solid phase separated from aqueous phase by 30k MWCO filtration.
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The concentration of aqueous Pu in the system as a function of time was
investigated using 5 pH values for each fulvic acid concentration. The concentration of
aqueous Pu vs. time can be seen in Figure 5.11.
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Figure 5.11: Concentration of aqueous Pu over time for a fulvic acid concentration of (A)
5 mg/L, and (B) 50 mg/L, total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl
background. Solid phase separated from aqueous phase by 30k MWCO filtration.
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Comparison of the week 13 data points with the week 7 data points reveals that neither
the 5 mg FA/L system nor the 50 mg FA/L system had reached equilibrium by week 7.
Therefore, the stability constants obtained for Pu-FA complexes shown below must be
remodeled after equilibrium has been reached. The slope of the data, however, suggests
that the 5 mg FA/L system is closer to equilibrium than the 50 mg FA/L system, so this
data should yield more reliable stability constants.
The dissolution rate of the Pu nanoparticles over time was investigated by
dividing the Pu concentration by the number of days of equilibration (Figure 5.12).
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Figure 5.12: Dissolution rate of PuO2(s) over time for a fulvic acid concentration of (A) 5
mg/L, and (B) 50 mg/L, total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl
background. Solid phase separated from aqueous phase by 30k MWCO filtration.
Dissolution rate was calculated by dividing the total Pu-242 concentration by the number
of days of equilibration.
The dissolution rate at each time point is very similar for all pH values. This indicates
that the dissolution is not dependent on pH, since the fulvic acid binding sites are likely
deprotonated at all pH values analyzed here. This may be due to the broad pH range in
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which Pu may be complexed by fulvic acid. There are no data available to determine the
surface charge of PuO2(s) particles so the influence of electrostatic interactions cannot be
completely determined. However, it is noteworthy that the dissolution rate is dependent
on organic matter content.

Higher concentrations of fulvic acid led to a higher

dissolution rate. It seems that the dissolution of Pu occurs as a two-step process. A
similar dissolution process has been described by Mason et al. (1997) for uranium
dissolution. Initially, there is a release of Pu as fulvic acid binds to the surface of the
nanoparticles. This can be described as the quick step. It is followed by a slow, diffusion
based dissolution. For the 5 mg FA/L system, the average dissolution rate for the first
step appears to be approximately 1.0 μg/L/day, while for the 50 mg FA/L system, the
average dissolution rate for the first step is approximately 1.5 μg/L/day. These rates slow
to approximately 0.25 μg/L/day and 0.6 μg/L/day, respectively, for the slower diffusion
based dissolution step. For both systems, it seems that the diffusion rate has reached
equilibrium, as the rates for the last 3 sampling events are relatively similar.
comparison of the 5 mg FA/L and 50 mg FA/L systems can be seen in Figure 5.13.
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Figure 5.13: Dissolution rate of PuO2(s) over time for a fulvic acid concentration of 5
mg/L or 50 mg/L, total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl background, and
a pH of (A) 4, (B) 6, or (C) 7.5. Solid phase separated from aqueous phase by 30k
MWCO filtration. Dissolution rate was calculated by dividing the total Pu-242
concentration by the number of days of equilibration.
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Again, it can be seen that the dissolution rate is quite similar for each pH value, but the
fulvic acid content has a significant effect. In all cases, the dissolution rate for the 50 mg
FA/L system is approximately 0.5 μg/L/day higher than in the 5 mg FA/L system.
The effects of different solid-phase separation techniques are shown in Figure
5.14. Based on the results of different solid-phase separation techniques, it appears that
the Pu nanoparticles may be sorbed to the vial walls. For the unfiltered samples, it was
expected that the Pu-242 concentration would be 10-6 M, since this was the total
concentration of Pu-242 added to the samples. However, particularly at the lower pH
values, the unfiltered samples contained the same concentration of aqueous Pu-242 as the
samples that had been filtered or centrifuged, indicating that the solid Pu nanoparticles
were not suspended in solution, but rather sorbed to the vial walls. Discussions with
collaborators and colleagues indicated that strong sorption of PuO2(s) to vials walls is a
common experimental artifact (Andrew Felmy, personal communication, 2011; Pihong
Zhao, personal communication, 2011; Powell et al., 2011).
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Figure 5.14: The effect of different solid phase separation techniques on the aqueous
phase concentration of Pu-242 at 7 weeks after the addition of fulvic acid to the system.
Samples contained a total Pu-242 concentration of 10-6 M, a fulvic acid concentration of
(A) 5 mg/L and (B) 50 mg/L, and a 0.1 M NaCl background. Filtered samples were
filtered through 30k and 10k MWCO centrifugal filters, and centrifuged samples were
centrifuged to less than 10 nm. Unfiltered samples received no solid phase separation
treatment.
Again, based on the results of the different separation techniques, fulvic acid at a
concentration of 50 mg/L has a more significant effect on the aqueous phase
concentration of Pu-242. At lower pH values for both concentrations of fulvic acid, the
results of 30k MWCO filtration, 10k MWCO filtration, centrifugation to less than 10 nm,
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and no solid phase separation treatment are indistinguishable. However, as the pH is
increased, the unfiltered samples have a much higher aqueous phase Pu-242
concentration, revealing that sorbed nanoparticles may desorb at this pH range. Also, at
higher pH values, the centrifuged samples have a slightly higher aqueous phase Pu-242
concentration, possibly indicating the filtration of an aggregated fulvic acid particle. This
effect is noticeable at a slightly lower pH for the 50 mg FA/L samples, further supporting
the hypothesis of the existence of aggregated fulvic acid particles that can be filtered
from solution but not centrifuged. However, even though the Pu nanoparticles seem to be
sorbed to the vial walls, over time, the presence of fulvic acid still increases aqueous
phase Pu-242 concentrations. As little to no sorption of Pu to the vial walls was observed
in the batch sorption experiments in gibbsite free systems, it can be assumed that little to
no sorption of Pu-FA complexes to the vial walls occurred in these experiments.
Therefore, the sorption of Pu to the vial walls can be considered as a technique to
separate complexed and uncomplexed Pu.
However, the observation of significantly low aqueous Pu concentrations in
unfiltered samples is troublesome, particularly for the mass balance of Pu in the systems.
A mass balance must be obtained. After the week 13 sampling event, vial washing was
performed on the selected samples.

While very small quantities of Pu-242 were

recovered in the pH 12 and pH 1 washes, a large fraction of Pu-242 was recovered in the
wash with 2.2 M HCl. The total quantities of Pu-242 that could be accounted for in the
2.2 M acid wash are shown in Table 5.1. Using the recovered quantity of Pu-242 from
the vial washing procedure as well as the Pu-242 removed at each sampling event, a mass

64

balance was performed in an attempt to account for the total Pu-242 added at the start of
the solubility experiments. Since the 10 mL samples had been targeted at 10-6 M Pu-242
at the start of the experiment, it was assumed that 10-8 moles of Pu-242 had been added to
each sample. The mass balance results can also be seen in Table 5.1.

Table 5.1: Moles of Pu-242 recovered using vial washing.
Fulvic
Acid
Content

pH

Moles
Recovered
Using pH 12
Wash

5 mg/L
5 mg/L
5 mg/L
50 mg/L
50 mg/L
50 mg/L
0 mg/L

4.64
5.41
7.16
3.97
5.66
7.24
6.74

6.85 x 10-11
2.42 x 10-11
4.53 x 10-11
1.60 x 10-10
6.43 x 10-11
8.22 x 10-11
5.27 x 10-11

Moles
Recovered
Using pH 1
Wash

Moles
Recovered
Using 2.2 M
Acid Wash

6.35 x 10-10
5.15 x 10-10
3.29 x 10-10
7.64 x 10-10
7.82 x 10-10
4.54 x 10-10
5.92 x 10-10

9.66 x 10-9
9.97 x 10-9
5.27 x 10-9
9.07 x 10-9
9.75 x 10-9
4.67 x 10-9
1.01 x 10-8

Total Moles
Pu-242
Recovered
in Vial
Washing
1.04 x 10-8
1.05 x 10-8
5.64 x 10-9
1.00 x 10-8
1.06 x 10-8
5.21 x 10-9
1.06 x 10-8

Pu Mass
Balance
111%
110%
71%
116%
120%
79%
109%

It is notable that the two samples with deficient mass balances are both for neutral pH
(~7) systems. This difference may be due to the Pu-242 particles being more strongly
associated with the vial walls prior to the addition of acid.
To examine the possibility of competition between Al and Pu in the gibbsite
sorption experiments, a gibbsite solubility study in the presence of FA was performed. It
was observed that fulvic acid increases the concentration of Al in the samples. The
results of the gibbsite solubility study appear in Figure 5.15. For the gibbsite only
samples at mid-range pH, the aluminum content was below the detection limit; therefore,
no data points appear at this range. It was observed that the total concentration of Al in
the presence of FA does not significantly contribute to the total amount of FA binding
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sites within the system (as determined from potentiometric titrations and will be
discussed below). Therefore, the possible competition between Al and Pu which may
occur during batch sorption experiments is expected to be relatively low and will not be
considered in the final model.
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Figure 5.15: Solubility of gibbsite in the presence and absence of fulvic acid, as
determined by the concentration of soluble aluminum. Gibbsite concentration of 5 g/L,
fulvic acid concentration of 5 or 50 mg/L, in a 0.1 M NaCl background. Solid phase
separated from aqueous phase using 30k MWCO centrifugal filters and aluminum
concentration measured by ICP-MS. Data collected 7 days after preparation of gibbsite
only samples, then 7 days after the addition of fulvic acid.

MODELING
Fulvic Acid Binding Site Concentration
Titrations of Suwanee River I fulvic acid were performed as described in Chapter
4. Multiple titrations to examine possible hysteresis were performed (Figure 5.16). It is
noteworthy that the curves are relatively consistent indicating that similar equilibrium
states were reached in each titration.
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Figure 5.16: Fulvic acid acid-base titration data. Fulvic acid concentration of 100 mg/L, I
= 0.1 M NaCl.

It is noteworthy that there is a net negative acid concentration in the system above pH ~3.
This is consistent with the zeta potential measurements from Figure 5.4. The second base
titration was chosen as the midpoint of the 6 titrations when considering the effects of
hysteresis, so this was the data set used to determine the proton binding site
concentrations. FITEQL 4.0 was used to model the titration data, assuming that proton
binding occurs based on a series of discrete pKa values. A similar modeling approach
was used by Westall et al. (1995) and Zimmerman (2010) to model metal binding to
humic acids. The pKa values that provided the best fit to the data were 3, 5, 7, and 9.
These sites were referred to as HF1, HF2, HF3, and HF4, respectively, when modeling
the fulvic acid interactions with sites and with Pu.

FITEQL adjusted the site

concentrations associated with each pKa value until the best fit to the data was achieved.
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The model fit shown with the base titration data modeled to achieve the fit is shown in
Figure 5.17, and the site concentrations are shown in Table 5.2.

Net Acid Concentration (mM)

0.E+00
-1.E-04
-2.E-04
-3.E-04
-4.E-04
-5.E-04

MODEL

-6.E-04

Data

-7.E-04
-8.E-04
-9.E-04
-1.E-03

0

2

4

6

8

10

12

pH

Figure 5.17: Fulvic acid titration data (base titration 2) with model fit overlaid. Model fit
obtained using FITEQL 4.0 assuming a discrete pKa spectrum of 3, 5, 7, and 9.

Table 5.2: Proton-binding site concentrations as determined by FITEQL 4.0. Weighted
sum of squares assuming 5% XX standard error was 0.609. A comparison to the IHSS
reported value is provided.
pKa
Site Concentration (mol/mg FA)
3
9.66 x 10-6
5
3.43 x 10-6
7
9.89 x 10-7
9
2.30 x 10-6
TOTAL
1.64 x 10-5
Total reported by
8.00 x 10-6
IHSS (2011)
TH0
1.15 x 10-4 mM

Solubility Experiments
The data obtained using the samples containing 5 mg FA/L were used to model
the solubility data and obtain stability constants for Pu-FA complexes. As noted above,

68

these data actually do not represent the equilibrium state. However, to demonstrate the
utility of these measurements as applied to the sorption data, conditional constants for PuFA binding were determined. While Zimmerman’s (2010) data was best modeled using 1
species formed by the pKa 7 site, the fulvic acid data obtained here was best modeled
using 2 species, both formed by the pKa 7 site which was represented by HF3. The
details of the model are provided below.
Initially, a solubility model for plutonium in the absence of fulvic acid was
constructed. The model was formed using FIT4FD assuming a 0.1 M NaCl background.
The reactions and stability constants used to create the model are shown in Table 5.3.
The results of the Pu solubility model with each Pu species noted are shown in Figure
5.18. The Pu solubility models including and excluding the colloidal species with the
solubility data with no fulvic acid present are shown in Figure 5.19.
Table 5.3: Stability constants used to model Pu solubility.
Species
Reaction
4+
Pu
Pu(OH)4(s) + 4H+  Pu4+ + 4H2O
PuOH3+
Pu(OH)4(s) + 3H+  PuOH3+ + 3H2O
2+
Pu(OH)2
Pu(OH)4(s) + 2H+  Pu(OH)22+ + 2H2O
Pu(OH)3+
Pu(OH)4(s) + H+  Pu(OH)3+ + H2O
Pu(OH)4(aq)
Pu(OH)4(s)  Pu(OH)4(aq)
Pu(OH)4(coll) Pu(OH)4(s)  Pu(OH)4(coll)
*Adapted from Neck and Kim, 2001.
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Figure 5.18: Total Pu solubility in I = 0.1 M as modeled using FIT4FD.
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Figure 5.19: Pu solubility data with no fulvic acid present in a 0.1 M NaCl background
with model fit overlaid. Model fits obtained using FIT4FD.
As observed in Figure 5.19, the model including the colloidal Pu species comes closer to
accurately representing the data. However, the data still show higher concentrations of
Pu than expected. It is noteworthy that the equilibrium constant for the Pu colloid species
has uncertainty of +/- one log unit (log K 8.5 +/- 1.0). Also, in order to select a filter that
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allows all the FA to pass through (30k MWCO), it is possible that some solid PuO2(s) has
passed through the filter and is monitored as “aqueous” Pu. Due to the relatively flat
slope of the solubility data as a function of pH, oxidation to Pu(V) or reduction to Pu(III)
is likely not occurring.
The week 7 data for the 5 mg/L dataset was used to model the solubility of Pu
when fulvic acid is present. Species involving Pu, each pKa site, and Pu(OH)x4-x (with x
ranging from 0 to 4) were all modeled to determine the best fit to the data. The best fit
using 1 species was Pu(OH)3F30, with a logβ value of 0.45. The reaction to form this
species is shown below:
Pu(OH)4(s) + HF3  Pu(OH)3F30 + H2O
This model (Figure 5.20) provided a weighted sum of squares value of 36.08 assuming
5% standard error.
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Figure 5.20: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation of only one Pu-FA complex (Pu(OH)3F30).
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While a decent model fit was obtained using only one Pu-FA species, the best fit
occurred when two Pu-FA species were used.

The species and associated stability

constants are shown below:
Pu(OH)4(s) + HF3  Pu(OH)4F3- + H+

logβ = -7.19 ± 0.03

Pu(OH)4(s) + HF3  Pu(OH)3F30 + H2O

logβ = 0.38 ± 0.01

The model obtained using these 2 species provided a weighted sum of squares value of
19.3 assuming a standard error of 5%. The results of this model with the week 7
solubility data are shown in Figure 5.21. Other modeled species that resulted in poor fits
to the data are shown in Appendix B.

For use in modeling the batch sorption

experiments, the above equations were added to the equation for the formation of the
solid species to achieve the formation of the complex in terms of aqueous Pu4+ instead of
Pu(OH)4(s). The equation added to the above equations is shown below:
Pu4+ + 4H2O  Pu(OH)4(s) + 4H+
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logβ = -2.3
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Figure 5.21: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation of 2 Pu-FA complexes (Pu(OH)3F30 and
Pu(OH)4F3-) The modeled concentration of each Pu-FA complex is also shown, and the
total model is the sum of all soluble Pu species. Pu hydrolysis products were not
significant in comparison with Pu-FA complexes.
It was concluded that the 2 species model was better than the 1 species model due to the
less significant drop in Pu concentration at the high end of the pH range. Therefore, these
Pu-FA stability constants were used in modeling the batch sorption experiments.
The stability constants obtained through modeling the 5 mg/L dataset were used
in an attempt to predict the behavior of the 50 mg/L dataset. Both the 5 and 50 mg/L
datasets from week 7, the 3 points obtained for the 50 mg/L dataset at week 13, and the
model lines are shown in Figure 5.22.
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Figure 5.22: Pu solubility data in the presence of 5 mg/L and 50 mg/L fulvic acid after 7
weeks or 13 weeks of equilibration in a 0.1 M NaCl background with model fit overlaid.
Model fit generated using FIT4FD assuming the formation of 2 Pu-FA complexes
(Pu(OH)3F30 and Pu(OH)4F3-).
The model obtained using the 5 mg FA/L dataset drastically over-predicts the solubility
of Pu in the presence of 50 mg FA/L. However, it must be noted that the 50 mg FA/L
dataset had not yet reached equilibrium, and a significantly higher concentration of
aqueous Pu was observed at the limited week 13 sampling event when compared with
week 7. When the system reaches equilibrium, the data will be remodeled to obtain
stability constants than can more accurately predict both datasets simultaneously.

Batch Sorption Experiments
Data obtained by Zimmerman (2010) involving Pu(IV) binding to gibbsite in the
absence of NOM was used to obtain a NOM-free Pu surface binding model to gibbsite.
In the model, the surface sites on gibbsite are represented as ≡AlOH, and are allowed to
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protonate/deprotonate based on pH to become ≡AlOH2+ or ≡AlO-. The acidity constants
used for gibbsite surface site protonation and deprotonation were taken from -Al2O3
diffuse layer model fits reported by Turner (1995). Table 5.4 summarizes the stability
constants used in modeling the batch sorption experiments.
Table 5.4: Stability constants used in this study.
Species
Reaction
logβ
Source
3+
4+
3+
+
Pu(OH)
Pu + H2O  Pu(OH) +H
0.60
Neck and Kim (2001)
Pu(OH)22+
Pu4+ + 2H2O  Pu(OH)22+ +2H+
0.60
Neck and Kim (2001)
+
4+
+
+
Pu(OH)3
Pu + 3H2O  Pu(OH)3 +3H
-2.3
Neck and Kim (2001)
Pu(OH)4(aq)
Pu4+ + 4H2O  Pu(OH)4(aq) +4H+ -8.5
Neck and Kim (2001)
+
4+
3+
Pu(Cit)
Pu + Cit  Pu(Cit)
15.6
Clark et al. (2006)
Pu(Cit)22Pu4+ + 2Cit3-  Pu(Cit)2229.8
Clark et al. (2006)
4+
2+
Pu + DFOB + 2H 
PuH2(DFOB)4+
35.48 Boukhalfa et al. (2007)
PuH2(DFOB)4+
Pu4+ + DFOB2- + H+ 
PuH(DFOB)3+
34.87 Boukhalfa et al. (2007)
PuH(DFOB)3+
Pu(DFOB)2+
Pu4+ + DFOB2-  Pu(DFOB)2+
33.98 Boukhalfa et al. (2007)
4+
2Pu + DFOB + H2O 
Pu(DFOB)(OH)+
27.33 Boukhalfa et al. (2007)
Pu(DFOB)(OH)+
4+
2+
Pu + 2DFOB +2H 
PuH2(DFOB)22+
62.30 Boukhalfa et al. (2007)
PuH2(DFOB)22+
Pu4+ + HL3 + 2H2O 
Pu(OH)2L3+
6.76
Zimmerman (2010)
Pu(OH)2L3+ + 3H+
Pu4+ + 4H2O + HF3 
This work, modeled
Pu(OH)4F3-9.49
Pu(OH)4F3- + 5H+
using FIT4FD
Pu4+ + 3H2O + HF3 
This work, modeled
Pu(OH)3F3(aq)
-1.92
+
Pu(OH)3F3(aq) + 4H
using FIT4FD
≡AlO≡AlOH  ≡AlO- + H+
-9.73 Turner (1995)
≡AlOH2+
≡AlOH + H+  ≡AlOH2+
8.33
Turner (1995)
4+
≡AlOH
+
Pu
+
H
O

This work, modeled
2
≡AlOPu(OH)2+
13.8
2+
+
≡AlOPu(OH) + 2H
using FIT4FD
4+
≡AlOH
+
Pu
+
2H
O

This work, modeled
2
≡AlOPu(OH)2+
6.24
+
+
≡AlOPu(OH)2 + 3H
using FIT4FD
*Note: L3 and F3 represent the pKa 7 binding sites of humic acid and fulvic acid,
respectively.
A Pu hydrolysis speciation plot is shown in Figure 5.23. The dominant hydrolysis
species at each pH range will compete with Pu-NOM complexes.
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Figure 5.23: Aqueous speciation diagram of Pu(IV) across the pH range 2-12, as modeled
using Visual MINTEQ and stability constants from Neck and Kim, 2001. Ionic strength
was set at 0.1 M (NaCl), and no solids were allowed to precipitate. Lines represent the
fraction of the total Pu in the system that exists as a particular species.
To model Pu(IV) binding to gibbsite, 2 surfaces species were needed: ≡AlOPu(OH)2+ and
≡AlOPu(OH)2+, with logβ values of 13.8 ± 0.1 and 6.24 ± 0.5, respectively. This model
fit provided a weighted sum of squares value of 0.505 assuming a standard error of 5%.
The model output with the data used to create the model appears in Figure 5.24.
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Figure 5.24: Pu(IV)-gibbsite sorption data with model fit. Data obtained by Zimmerman
(2010), and model fit generated using FIT4FD using AlOPu(OH)2+ and AlOPu(OH)2+ as
the Pu(IV)-gibbsite surface species. The modeled fraction of each species is shown with
dashed lines.
The surface model obtained using NOM-free Pu(IV) sorption data was used to
model the batch sorption experimental data with the Pu-NOM aqueous complexes
incorporated into the database. For humic acid, citric acid, and DFOB, the data were not
accurately predicted by assuming only binary Pu-aqueous and Pu-surface complexes
were forming. The fulvic acid model came closer to accurately predicting the data, but
the stability constants have uncertainty due to the solubility experiments not reaching
equilibrium.
The model outputs for each type of NOM when no ternary complexes were
included are shown in Figure 5.25. For the model involving Pu sorption in the presence
of citric acid, the high pH values are predicted fairly well. The model line accurately
predicts the dominance of hydrolysis products over the Pu-citrate complexes at the high
end of the pH range. However, at low pH values, the model predicts no sorption even
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though approximately 40% sorption occurred. This unpredicted sorption behavior may
be the result of a ternary surface complex, or a mixture of sorbed Pu species and aqueous
Pu-citrate complexes. For the model involving Pu sorption in the presence of DFOB, no
sorption was predicted at any pH. This may be due to the strength of the Pu-DFOB
complexes. However, since sorption was observed in the data, it is likely that a ternary
surface complex is forming. In the model involving Pu sorption in the presence of humic
acid, no sorption is predicted at low pH, with sorption increasing drastically once pH 7 is
reached. This model is also not in agreement with the data. In the model involving Pu
sorption in the presence of fulvic acid, sorption was predicted fairly well at each end of
the pH range, but a decrease in sorption was predicted at mid-range pH which did not
appear in the data. It was concluded that the sorption data could not be adequately
modeled using only aqueous Pu complexes and sorbed binary Pu-gibbsite species.
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Figure 5.25: Pu(IV) sorption to gibbsite in the presence of NOM with model fit overlaid. Model fit generated using
FIT4FD using a Pu-gibbsite sorption model and Pu-NOM aqueous complexes. Ternary surface complexes were not
considered.

Since the results of the batch sorption experiments could not be adequately modeled
using only the Pu-gibbsite surface complexation model and the Pu-NOM aqueous
complexes, ternary complexes were invoked. In order for a ternary surface complex to
form, the NOM as well as Pu must interact with the surface either directly or indirectly.
Type A and Type B surface complexes are possible (Schindler, 1990). In a Type A
complex, the metal ion binds to the surface and the ligand, in the following conformation:
≡S-O-M-L
At near neutral pH, the above surface complex would form with the release of a proton
from the surface hydroxyl group. However, if the ligand exchanges with the hydroxyl
group from the surface and binds in its place, the metal ion can then bind to the ligand,
and the ternary complex (Type B) would have the following conformation:
≡S-L-M
Previous studies have shown that NOM can be expected to sorb to aluminum-based
minerals. Hunt et al. (2007) determined that dissolved organic matter sorbs more readily
to gibbsite than to goethite or kaolin. Van Emmerik et al. (2007) showed nearly 100%
sorption of humic acid to gibbsite at pH values lower than 6, with sorption gradually
decreasing to approximately 70% at pH 11. This experiment also showed that humic acid
exhibits greater sorption to gibbsite than to kaolinite or montmorillonite (Van Emmerik et
al., 2007). Boily and Fein (1996) showed that at pH values lower than 6, nearly all
citrate sorbs to alumina, with the sorbed fraction decreasing to 11% at pH 10. Hongxia et
al. (2006) exhibited that the presence of fulvic acid increases the sorption of thorium(IV)
to gibbsite, presumably due to the formation of a ternary surface complex.
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Also,

experiments were performed in this study using solutions containing fulvic acid and
gibbsite. Using UV-vis spectroscopy, the fraction of fulvic acid absent from the aqueous

Fraction of FA Absent from Aqueous
Phase

phase was determined. The results are shown in Figure 5.26.
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Figure 5.26: Fraction of fulvic acid absent from solution after 7 days of equilibration with
5 g/L gibbsite in a 1 M NaCl background. The solid phase was separated from the
aqueous phase by a 30k MWCO centrifugal filter. Fulvic acid content analyzed by UVvis spectroscopy (absorbance at 254 nm).

Up to 30% of the fulvic acid was observed to be missing from the aqueous phase,
therefore it was included that fulvic acid exhibits sorption to gibbsite. It appears that
fulvic acid exhibits anionic sorption behavior, as it sorbs to a greater extent at low pH,
and sorption decreases as the pH is raised. This is to be expected, due to the negative
charge on fulvic acid when it deprotonates in solution. While no data was found for
sorption of DFOB to aluminum based minerals, Neubauer et al. (2002) showed that
DFOB will sorb to goethite and ferrihydrite, but a strong pH trend was not evident.
Due to the existence of data corroborating the sorption of the studied organic
materials to gibbsite or other similar minerals, the possibility of ternary surface species
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formation seems reasonable. After analyzing multiple different ternary species involving
each type of NOM, ternary surface species were assumed in an effort to predict the
observed sorption behavior. Although spectroscopic verification of the proposed ternary
complexes has not yet been collected, similar evidence of Pu ternary surface complexes
on aluminum phases has been previously observed (Powell et al., 2010).
It is important to note that these ternary species and sorption models are not
intended to be used in thermochemical databases and are not proposed to represent
realistic species.

They only represent a fitting exercise and demonstrate the non-

uniqueness that is possible when fitting species with no spectroscopic or mechanistic data
to verify the species being fit. This is one of the major recommendations for future work
to follow this thesis.
For humic acid, the ternary surface species that best fit the data was
≡AlOH2Pu(OH)2(HL3)23+, with a logβ value of 35.98 (Figure 5.27). The reaction to form
this species is shown below:
≡AlOH + Pu4+ + 2H2O + 2HL3  ≡AlOH2Pu(OH)2(HL3)23+ + H+
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Figure 5.27: Pu(IV) sorption to gibbsite in the presence of humic acid with model fit.
Note that the dataset generated by centrifuging the samples is used here since it likely
represents the Pu-HA bound fraction. Model fit generated using FIT4FD assuming the
formation of ternary surface species.
This model fit provided a weighted sum of squares value of 16.76 assuming a standard
error of 5%. It is expected that this species best fit the data because it will be a species
that forms at low pH, as evidenced by the positive charge and protonated surface. As in
the data, the species dominates at low pH, then decreases as the pH is raised. Table 5.5
summarizes some of the other surface species that were modeled in an attempt to fit the
data.
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Table 5.5: Ternary species modeled in attempt to fit humic acid sorption data.
Species
Reaction
logβ WSOS Fit
4+
≡AlOH + Pu + 2H2O +
Predicted
≡AlOPu(OH)2L30
HL3 
12.88 15.35 complete
≡AlOPu(OH)2L30 + 4H+
sorption
Under-predicted
sorption at low
≡AlOH + Pu4+ + 2H2O +
pH, over≡AlOH2Pu(OH)2L32+ HL3 
23.05 21.81
predicted
≡AlOH2Pu(OH)2L32+ + 2H+
sorption at high
pH
≡AlOH + Pu4+ + 2H2O +
Predicted
+
≡AlOHPu(OH)2L3
HL3 
18.58 22.82 complete
≡AlOHPu(OH)2L3+ + 3H+
sorption
Predicted well at
low pH, showed
4+
≡AlOH + Pu + HL3 
4+
≡AlOH2PuL3
39.11 5.60
upturn in
≡AlOH2PuL34+
sorption at high
pH

While one ternary species could be selected as the best fit for the humic acid data,
the citric acid data provided multiple ternary species that all provided a reasonable fit.
The species that provided the best fit to the data are listed in Table 5.6, along with their
associated logβ values and weighted sum of squares values. Figure 5.28 shows the
different model fits by species along with the citric acid batch sorption experimental data.
All 5 models predict sorption behavior similar to that exhibited in the data, with high
sorption occurring at each end of the pH range, and very low sorption occurring at midrange pH.
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Table 5.6: Possible ternary surface species fitting the citric acid batch sorption
experimental data.
Species
Reaction
logβ
4+
3+
≡AlOH
+
Pu
+
2Cit
+
H

≡AlOH2Pu(Cit)237.16
≡AlOH2Pu(Cit)22(≡AlOH) + Pu4+ + 2Cit3- + 2H+ 
≡ (AlOH2)2Pu(Cit)2
49.71
≡(AlOH2)2Pu(Cit)2
≡AlOH + Pu4+ + 2Cit3- + 2H+ 
≡AlOHPu(Cit)2H2
43.33
≡AlOHPu(Cit)2H2
2(≡AlOH) + Pu4+ + Cit3- + 2H+ 
≡(AlOH2)2Pu(Cit)3+
48.62
≡(AlOH2)2Pu(Cit)3+
≡AlOH + Pu4+ + Cit3- + H+ 
≡AlOH2Pu(Cit)2+
36.15
≡AlOH2Pu(Cit)2+
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WSOS
356
354
449
473
471

≡AlOH2Pu(Cit)2-

≡(AlOH2)2Pu(Cit)2

≡AlOHPu(Cit)2H2

≡(AlOH2)2Pu(Cit)3+

≡AlOH2Pu(Cit)2+

Figure 5.28: Pu(IV) sorption to gibbsite in the presence of citric acid with model fits
overlaid. Model fits generated using FIT4FD assuming the formation of ternary surface
species. Ternary surface species used for each model indicated by text within the graph.

Similarly to the results of the modeling of the citric acid batch sorption
experiments, modeling the DFOB batch sorption experiments yielded three possible
ternary surface species that fit the data equally well. These species are listed in Table
5.7, and the models overlaid over the data are shown in Figure 5.29. All 3 models predict
low sorption over the majority of the pH range, with a slight increase in sorption at the
highest pH values. The increase can be attributed to the dominance of Pu hydrolysis
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products as the pH increases. The models come much closer to accurately predicting the
50 mg C/L dataset than the 5 mg C/L dataset. This could likely be improved by obtaining
a good model of binary DFOB sorption to gibbsite.
Table 5.7: Possible ternary surface species fitting the DFOB batch sorption experimental
data.
Species
Reaction
logβ
WSOS
4+
2+
≡AlOH + Pu + 2DFOB + H
≡AlOPuH2(DFOB)2+
62.93
270
≡AlOPuH2(DFOB)2+
≡AlOH + Pu4+ + 2DFOB2- +
≡AlOHPuH2(DFOB)22+
80.45
249
2H+ ≡AlOHPuH2(DFOB)22+
4+
2≡AlOH + Pu + 2DFOB +
≡AlOH2PuH2(DFOB)23+
80.27
242
3H+ ≡AlOH2PuH2(DFOB)23+
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≡AlOPuH2(DFOB)2+

≡AlOHPuH2(DFOB)22+

≡AlOH2PuH2(DFOB)23+

Figure 5.29: Pu(IV) sorption to gibbsite in the presence of DFOB with model fits
overlaid. Model fits generated using FIT4FD assuming the formation of ternary surface
species. Ternary surface species used for each model indicated by text within the graph.
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When the fulvic acid dataset was modeled, 4 ternary species were found that best
represented the data and provided model fits that were indistinguishable. For all four of
the best modeled ternary species, at the high and low ends of the pH range,
approximately 98% sorption occurred, while 100% sorption occurred at mid-range pH.
The species, reactions, stability constants, and weighted sum of squares values are listed
in Table 5.8, and the data with an example model output overlaid appears in Figure 5.30.

Fraction of Pu(IV) Absent from
Aqueous Phase

Table 5.8: Possible ternary surface species fitting the fulvic acid batch sorption
experimental data.
Species
Reaction
logβ
WSOS
4+
≡AlOH + Pu + 3H2O + HF3
≡AlOPu(OH)3F3-3.24
1.97
≡AlOPu(OH)3F3- + 5H+
2(≡AlOH) + Pu4+ + 3H2O + HF3
≡(AlOH)2Pu(OH)3F30
10.25
2.06
≡(AlOH)2Pu(OH)3F30 + 4H+
≡AlOH + Pu4+ + 3H2O + HF3
≡AlOHPu(OH)3F35.85
2.33
≡AlOHPu(OH)3F3- + 4H+
2(≡AlOH) + Pu4+ + 2H2O + HF3
≡(AlO)2Pu(OH)2F31.04
1.94
≡(AlO)2Pu(OH)2F3- + 5H+
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Figure 5.30: Pu(IV) sorption to gibbsite in the presence of fulvic acid with model fits
overlaid. Model fits generated using FIT4FD assuming the formation of ternary surface
species. Ternary surface species used for each model indicated by text within the graph.
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A sensitivity analysis was performed to determine if the dissolution of gibbsite
would significantly impact the output of the models. The aluminum-citrate complex was
added to the database, and the citrate model not assuming the formation of ternary
species was rerun using total aluminum concentrations of 10-10 M, 10-7 M, and 10-4 M.
The aluminum-citrate complex is shown in the reaction below, as described by Martin
(1988):
Al3+ + Cit3-  AlCit

logβ = 8.1

When the model was rerun including the aluminum, the model results were
indistinguishable, indicating that the aluminum introduced through the dissolution of
gibbsite has a negligible effect on the sorption and complexation of Pu. The model
results appear in Figure 5.31.
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Figure 5.31: Models of Pu(IV) sorption to gibbsite in the presence of citric acid and
varying concentrations of aluminum. Model fits generated using FIT4FD. Model fits for
each Al concentration are indistinguishable, therefore, only one model line appears.
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Since the citric acid, DFOB, and fulvic acid models have multiple species that fit
the data equally well, spectroscopic data is needed to determine the stoichiometry and
molecular configuration of the surface species that are actually present. However, the
inclusion of ternary surface species greatly improves the models when compared with the
models incorporating only the Pu-gibbsite surface species and Pu-NOM aqueous
complexes. Therefore, with the consideration of the NOM binding data obtained in
previous studies, the models including the ternary species are considered more accurate
than those neglecting ternary surface species.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

This research successfully developed models to predict the sorption of plutonium
to gibbsite in the presence of organic materials.

However, the ternary complexes

presented are not intended to be used in thermochemical databases and are not proposed
to represent realistic species. To verify the formation of these species and determine
which of the non-unique solutions most accurately represent realistic systems,
spectroscopic data is needed. Only when spectroscopic data verifying the composition
and configuration of the ternary species is achieved can the ternary complex stability
constants and reactions be assumed reliable enough to incorporate into thermodynamic
databases.
Spectroscopic studies should aim to determine the structure of both the aqueous
Pu-NOM species, as well as the sorbed binary and ternary Pu species.

Also,

spectroscopy and other methods should be used to investigate the sorption behavior of the
organic materials. Determination of the manner in which organic materials sorb to
minerals would allow for a better understanding of the formation of ternary surfaces
complexes.
It was verified that the presence of all organic materials analyzed (fulvic acid,
citric acid, humic acid, and DFOB) impacts plutonium sorption to gibbsite. Organic
materials that are known to chelate metals, citric acid and DFOB, reduced sorption most
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effectively and formed the strongest complexes, as predicted by stability constants from
existing thermodynamic data (Clark et al., 2006; Boukhalfa et al., 2007).
Conditional stability constants for the complexation with plutonium with fulvic
acid were determined. The solubility data was best modeled assuming two Pu-FA
complexes. The fitted complexes and associated stability constants are shown below:
Pu4+ + HF3 + 4H2O  Pu(OH)4F3- + 5H+

logβ = -9.49 ± 0.03

Pu4+ + HF3 + 3H2O Pu(OH)3F30 + 4H+

logβ = -1.92 ± 0.01

where fulvic acid is represented by HF3, which is a binding site on the fulvic acid with a
pKa of 7. However, these stability constants were obtained when modeling the system
containing 5 mg/L fulvic acid when it had not yet reached equilibrium. The system
containing 50 mg/L fulvic acid had also not reached equilibrium, and appeared to be
changing more rapidly than the 5 mg/L system. It may take months or years for these
systems to reach equilibrium, at which time the data should be re-modeled to achieve
more reliable stability constants. Stability constants obtained at that point should be more
reliable since they will be modeled using equilibrium data, and also because they can be
obtained by fitting both sets of data simultaneously to allow the constants to be applicable
over a larger concentration range. Also, spectroscopic studies should investigate the
complexation of plutonium with fulvic acid to determine the composition and structure of
Pu-FA species.
Another problem involved with the solubility experiments occurred due to
sorption of the plutonium nanoparticles to the vial walls.

This resulted in lower

concentrations of plutonium than expected, even when the samples underwent no
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filtration or separation steps prior to analysis.

Future work should use a higher

concentration of plutonium, so that the vial walls can become saturated with the particles.
At this point, the concentration of aqueous phase plutonium can be measured, and the
nanoparticles can be filtered from solution and analyzed using electron microscopy.
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APPENDIX A
SUPPLEMENTAL MATERIALS AND METHODS
In addition to the experiments described in Chapter 4, supplementary procedures
were performed to verify the validity of the methods utilized.

MATERIALS
Table A.1: Composition of humic and fulvic acids used in this project (Internet: IHSS,
2011)
Suwannee River I Fulvic Acid
Leonardite Humic Acid
H2O
8.80%
7.20%
Ash
0.46%
2.58%
Carbon
52.44%
63.81%
Hydrogen
4.31%
3.70%
Oxygen
42.20%
31.27%
Nitrogen
0.72%
1.23%
Sulfur
0.44%
0.76%
Phosphorous
<0.01%
<0.01%
Note: H2O content is the weight % of H2O in the air-equilibrated sample. Ash content is
the weight % of inorganic residue in the dry sample. Elemental contents are the elemental
weight % in the dry, ash free sample.

BATCH SORPTION EXPERIMENTS
Fulvic acid solutions at concentrations of 5 and 50 mg/L in 0.1 M or 0.01 M NaCl
background solutions at pH values spanning the range used in the batch sorption
experiments were passed through all centrifugal filters used in the experiments to verify
that the fulvic acid passed through the filters. The samples were also centrifuged to less
than 10 nm (12000 RPM for 17 hours) to determine the fraction of fulvic acid removed.
The fulvic acid content was analyzed before and after filtration using UV-vis
measurements at 254 nm on a Varian-Cary 50 Bio UV-Visible Spectrophotometer.
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At the conclusion of the fulvic acid batch sorption experiments, the evennumbered samples were centrifuged at 8000 RPM for 20 minutes, then a 1 mL aliquot
was removed from each sample and counted using LSC. Then, 2 mL aliquots from each
sample were transferred into 30k MWCO centrifugal filters and centrifuged at 7500 RPM
for 1 minute. The filtrate was discarded, and the filters were again centrifuged at 7500
RPM for 10 minutes. A 1 mL aliquot of the filtrate from each sample was counted using
LSC, and the concentration of Pu-238 using the different solid phase separation methods
was compared.
To investigate the sorption of fulvic acid to gibbsite, samples were prepared
containing only fulvic acid at 50 mg/L and gibbsite at 5 g/L in a 0.1 M NaCl background
and at pH values ranging from 4 to 10. The samples were analyzed at 1, 7, and 33 days.
At sampling events, 2 mL were removed from each sample and pipetted into 30k MWCO
filters, then centrifuged at 7500 RPM for 1 minute. The filtrate was discarded, and the
filters were again centrifuged at 7500 RPM for 10 minutes. The filtrate was saved for
UV-vis analysis of fulvic acid content. Fulvic acid standards were prepared in 0.1 M
NaCl containing 0.1, 0.25, 0.5, 1.0, 5.0, 10.0, 25.0, and 50.0 mg FA/L. These standards
were used to calibrate the Varian-Cary 50 Bio UV-Visible Spectrophotometer, and the
centrifuged and filtered samples from each sampling event were analyzed for fulvic acid
content.
An attempt was made to dialyze the fulvic acid and use only the fraction greater
than 1000 Daltons so that the fulvic acid could be separated from solution. Fulvic acid at
a concentration of 500 mg/L was added to 1000 MWCO dialysis tubing and dialyzed
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against DI water, with the water changed daily over the period of 1 week. However, the
majority of the fulvic acid had a molecular weight less than 1000 Daltons, and therefore
could not be separated from solution.
To remove the ash from the Leonardite humic acid, a 100 mL of a 1600 mg HA/L
solution was prepared and added to 1000 MWCO dialysis tubing. To dissolve the humic
acid, 9 mL of 0.1 M NaOH was added; an equivalent amount of HCl was added to
readjust the pH. The humic acid was dialyzed against 0.1 M NaCl for 1 week with daily
NaCl changes. The final humic acid concentration was 600 mg C/L.

SOLUBILITY EXPERIMENTS
To test the preparation method for the Pu nanoparticles, 2 Pu-242 samples with
concentrations of 10-6 M in a 0.1 M NaCl background were prepared using boiled and
filtered DI water. The samples were adjusted to pH 4 and pH 9 using NaOH and HCl.
Prior to the pH adjustment, 100 μL were pulled from each sample for ICP-MS analysis,
and 500 μL were pulled from each sample for LSC analysis. After 7 days, the pH values
of the “pH 4” and “pH 9” samples were found to be 3.92 and 5.86, respectively. The
samples were filtered through 30k and 10k MWCO filters, and filtered through a 20 nm
syringe filter. All samples were analyzed for Pu-242 content using ICP-MS. After
approximately 2 months, aliquots of each sample were pipetted into a 3k MWCO
centrifugal filter and centrifuged at 7500 RPM for 50 minutes. The filters were then
washed with DI water twice; in the first washing, the filters were centrifuged at 7500
RPM for 30 minutes, and in the second wash the filters were centrifuged at 7500 RPM
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for 45 minutes. The filters were sonicated for 1 minute, then 5 μL from each sample
were pipetted onto transmission electron microscopy (TEM) grids. The TEM grids were
allowed to dry under a petri dish, and were then analyzed for Pu-242 content using TEM.
In the glovebox, additional samples were prepared containing Pu-242 at 10-6 M in
a 0.1 M NaCl background. The samples were adjusted to pH values of 4, 6.5, and 9 using
HCl and NaOH. At one week after sample preparation, the solid phase was separated
from the aqueous phase by 30k and 10k MWCO centrifugal filters and the Pu-242
content was analyzed by ICP-MS. At four weeks after sample preparation, the solid
phase was separated from the aqueous phase by 30k and 10k centrifugal filters. Also, an
unfiltered aliquot was removed for analysis, then the samples were sonicated for 10
minutes and another unfiltered aliquot was removed for analysis. The Pu-242 content of
all samples was analyzed by ICP-MS.
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APPENDIX B
SUPPLEMENTAL RESULTS
BATCH SORPTION EXPERIMENTS
Additional sampling events, batch sorption experiments:
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Figure B.1: Fraction of Pu(IV) sorbed to gibbsite in the presence of fulvic acid after 1 day
of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5 g/L, 0.1 M
NaCl background. Solid phase separated from aqueous using a 30k MWCO centrifugal
filter. *Actual fulvic acid concentrations of 0.52, 2.62, and 26.22 mg C/L.
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Figure B.2: Fraction of Pu(IV) sorbed to gibbsite in the presence of fulvic acid after 7
days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5 g/L,
0.1 M NaCl background. Solid phase separated from aqueous using a 30k MWCO
centrifugal filter. *Actual fulvic acid concentrations of 0.52, 2.62, and 26.22 mg C/L.
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Figure B.3: Fraction of Pu(IV) sorbed to gibbsite in the presence of fulvic acid after 33
days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5 g/L,
0.1 M NaCl background. Solid phase separated from aqueous using a 30k MWCO
centrifugal filter. *Actual fulvic acid concentrations of 0.52, 2.62, and 26.22 mg C/L.
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Figure B.4: Fraction of Pu(IV) sorbed to gibbsite in the presence of humic acid after 14
days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5 g/L,
0.1 M NaCl background. Solid phase separated from aqueous using a 30k MWCO
centrifugal filter.
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Figure B.5: Fraction of Pu(IV) sorbed to gibbsite in the presence of citric acid after 14
days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5 g/L,
0.1 M NaCl background. Solid phase separated from aqueous using a 30k MWCO
centrifugal filter.
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Figure B.6: Fraction of Pu(IV) sorbed to gibbsite in the presence of DFOB after 14 days
of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5 g/L, 0.1 M
NaCl background. Solid phase separated from aqueous using a 30k MWCO centrifugal
filter.
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Figure B.7: Fraction of Pu(IV) sorbed to gibbsite in the presence of humic acid (5 mg
C/L) after 7 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.8: Fraction of Pu(IV) sorbed to gibbsite in the presence of humic acid (50 mg
C/L) after 7 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.9: Fraction of Pu(IV) sorbed to gibbsite in the presence of humic acid (5 mg
C/L) after 14 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.10: Fraction of Pu(IV) sorbed to gibbsite in the presence of humic acid (50 mg
C/L) after 14 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.11: Fraction of Pu(IV) sorbed to gibbsite in the presence of citric acid (5 mg
C/L) after 7 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.12: Fraction of Pu(IV) sorbed to gibbsite in the presence of citric acid (50 mg
C/L) after 7 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.13: Fraction of Pu(IV) sorbed to gibbsite in the presence of citric acid (5 mg
C/L) after 14 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.14: Fraction of Pu(IV) sorbed to gibbsite in the presence of citric acid (50 mg
C/L) after 14 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite
concentration of 5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from
aqueous using a 30k MWCO centrifugal filter. Centrifuged data: solid phase separated
from aqueous phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.15: Fraction of Pu(IV) sorbed to gibbsite in the presence of DFOB (5 mg C/L)
after 7 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5
g/L, 0.1 M NaCl background. Filtered data: solid phase separated from aqueous using a
30k MWCO centrifugal filter. Centrifuged data: solid phase separated from aqueous
phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.16: Fraction of Pu(IV) sorbed to gibbsite in the presence of DFOB (50 mg C/L)
after 7 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of 5
g/L, 0.1 M NaCl background. Filtered data: solid phase separated from aqueous using a
30k MWCO centrifugal filter. Centrifuged data: solid phase separated from aqueous
phase by centrifugation at 8000 RPM for 30 minutes.
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Figure B.17: Fraction of Pu(IV) sorbed to gibbsite in the presence of DFOB (5 mg C/L)
after 14 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of
5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from aqueous using a
30k MWCO centrifugal filter. Centrifuged data: solid phase separated from aqueous
phase by centrifugation at 8000 RPM for 30 minutes.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

50 mg C/L Centrifuged
50 mg C/L Filtered
50 mg C/L Solid Free
Centrifuged
50 mg C/L Solid Free Filtered
0

2

4

6

8

10

pH

Figure B.18: Fraction of Pu(IV) sorbed to gibbsite in the presence of DFOB (50 mg C/L)
after 14 days of equilibration. Pu-238 concentration of 10-10 M, gibbsite concentration of
5 g/L, 0.1 M NaCl background. Filtered data: solid phase separated from aqueous using a
30k MWCO centrifugal filter. Centrifuged data: solid phase separated from aqueous
phase by centrifugation at 8000 RPM for 30 minutes.
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Table B.1: Comparison of separation methods on batch sorption samples containing
fulvic acid.
Sample

pH

Fulvic Acid Conc
(mg C/L)

2
4
6
8
10
12
14
16
18
20
22
24

3.77
6.41
7.14
9.11
4.1
6.21
7.33
9.69
4
6.14
7.41
9.61

1.0
1.0
1.0
1.0
5.5
5.5
5.5
5.5
50.5
50.5
50.5
50.5

Fraction Pu Remaining
After Centrifugation

Fraction Pu Remaining
After Filtration

0.44
0.07
0.02
0.03
0.24
0.02
0.02
0.02
0.38
0.62
0.42
0.30

0.41
0.07
0.02
0.03
0.24
0.02
0.00
0.01
0.36
0.62
0.42
0.30

Fraction of FA Absent from Aqueous
Phase

*Filtered data: solid phase separated from aqueous using a 30k MWCO centrifugal filter.
Centrifuged data: solid phase separated from aqueous phase by centrifugation at 8000
RPM for 30 minutes.
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Figure B.19: Fraction of fulvic acid absent from solution after 1 day of equilibration with
5 g/L gibbsite in a 1 M NaCl background. For the centrifuged samples, the solid phase
was separated from the aqueous phase by centrifugation at 8000 RPM for 20 minutes.
For the filtered samples, the solid phase was separated from the aqueous phase using a
30k MWCO centrifugal filter. Fulvic acid content analyzed by UV-vis spectroscopy
(absorbance at 254 nm).
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Figure B.20: Fraction of fulvic acid absent from solution after 7 days of equilibration
with 5 g/L gibbsite in a 1 M NaCl background. For the centrifuged samples, the solid
phase was separated from the aqueous phase by centrifugation at 8000 RPM for 20
minutes. For the filtered samples, the solid phase was separated from the aqueous phase
using a 30k MWCO centrifugal filter. Fulvic acid content analyzed by UV-vis
spectroscopy (absorbance at 254 nm).
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Figure B.21: Fraction of fulvic acid absent from solution after 33 days of equilibration
with 5 g/L gibbsite in a 1 M NaCl background. For the centrifuged samples, the solid
phase was separated from the aqueous phase by centrifugation at 8000 RPM for 20
minutes. For the filtered samples, the solid phase was separated from the aqueous phase
using a 30k MWCO centrifugal filter. Fulvic acid content analyzed by UV-vis
spectroscopy (absorbance at 254 nm).
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Table B.2: Percentage of fulvic acid remaining in solution after centrifugation to less than
10 nm. Fulvic acid content analyzed by UV-vis spectroscopy (absorbance at 254 nm).
Sample

FA conc (mg/L)

pH

Initial Abs.

Final Abs.

% FA Remaining

A
B
C
D

5
5
50
50

4
8
4
8

0.0949
0.1011
0.9919
0.9943

0.0858
0.0986
0.9617
0.9871

90.4%
97.5%
97.0%
99.3%

SOLUBILITY EXPERIMENTS
Additional solubility data collected in sampling events prior to Week 7:
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Figure B.22: Aqueous Pu-242 concentration over time for a fulvic acid concentration of 5
mg/L, total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl background. Solid phase
separated from aqueous phase by centrifugation to less than 10 nm.
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Figure B.23: Aqueous Pu-242 concentration over time for a fulvic acid concentration of
50 mg/L, total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl background. Solid phase
separated from aqueous phase by centrifugation to less than 10 nm.
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Initial Pu nanoparticle test:
Note that in Figures B.24 and B.25 below, the “original” sample was taken after the
acidic Pu working solution was added and the aqueous phases was at a low pH.
Therefore, precipitation of PuO2(s) particles and subsequent sorption to the vial walls
had not yet occurred.
1.4E-06
1.2E-06

[Pu-242] (M)

1.0E-06
8.0E-07
6.0E-07
4.0E-07
2.0E-07
0.0E+00
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Unfiltered Unfiltered 20 nm 30k MWCO10k MWCO
Sonicated Filtration Filtration Filtration

Figure B.24: Aqueous concentration of Pu-242 determined by different solid phase
separation techniques. Theoretical total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl
background, pH of 3.92. Pu-242 content measured by ICP-MS.
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Figure B.25: Aqueous concentration of Pu-242 determined by different solid phase
separation techniques. Theoretical total Pu-242 concentration of 10-6 M, in a 0.1 M NaCl
background, pH of 5.86. Pu-242 content measured by ICP-MS.
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Figure B.26: TEM imagery of Pu nanoparticles filtered from a 10-6 M Pu-242 sample in a
0.1 M NaCl background at a pH of 5.86. Nanoparticles separated by passing solution
through a 3k MWCO centrifugal filter then by resuspension of the particles on the filter
and subsequent pipetting onto a TEM grid. Upper left image shows the region of interest,
upper middle image shows the location of the elements Na and K, and upper right image
shows the location of the elements Pu and La. In the bottom spectrum, the peak at 14.3
keV is indicative of the presence of plutonium.
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Table B.3: Oxidation state of initial Pu nanoparticles as determined by LaF3 coprecipitation. Uncertainty is high due to low activity in the samples.
Fraction Pu(III/IV) Uncertainty Fraction Pu(V/VI) Uncertainty
0.89
0.20
0.11
0.10
0.81
0.24
0.19
0.16
1.02
0.17
-0.02
-0.02
0.90
0.20
0.10
0.11

Fulvic acid free Pu-242 samples:
1E-08
9E-09

8E-09
[Pu-242] (M)

7E-09
6E-09
5E-09

30 k Filtered

4E-09

10 k Filtered

3E-09
2E-09
1E-09
0
3.96

6.48

9.16

pH

Figure B.27: Aqueous concentration of Pu-242 in samples with a total Pu-242
concentration of 10-6 M in a 0.1 M NaCl background after 1 week of equilibration. The
sample at pH 9.16 filtered using a 10k MWCO filter was not analyzed due to depletion of
the internal standard.
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Figure B.28: Aqueous concentration of Pu-242 in samples with a total Pu-242
concentration of 10-6 M in a 0.1 M NaCl background after 4 weeks of equilibration.
Separation technique indicated in the figure legend.
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MODELING
Solubility Experiment Modeling
Pu-FA complexes used in an attempt to fit solubility data before best fit was achieved:
1.85E-07
1.65E-07

[Pu-242] (M)

1.45E-07
1.25E-07

Week 7

1.05E-07

PuF2+++

8.5E-08

PuF4+++

6.5E-08

PuF1+++

4.5E-08

PuF3+++

2.5E-08
5E-09
3

6

9

pH

Figure B.29: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation the Pu-FA complex by the dissolution of
Pu(OH)4(s) in the presence of fulvic acid (HF1, HF2, HF3, or HF4) to form the species,
with the right side of the equation balanced by H+ and H2O.

116

1.85E-07

1.65E-07

[Pu-242] (M)

1.45E-07
1.25E-07

Week 7

1.05E-07

Pu(OH)4F1-

8.5E-08

Pu(OH)3F1

6.5E-08

Pu(OH)2F1+

4.5E-08

Pu(OH)F1++

2.5E-08
5E-09
3

6

9

pH

Figure B.30: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation the Pu-FA complex by the dissolution of
Pu(OH)4(s) in the presence of fulvic acid (HF1, HF2, HF3, or HF4) to form the species,
with the right side of the equation balanced by H+ and H2O.
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Figure B.31: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation the Pu-FA complex by the dissolution of
Pu(OH)4(s) in the presence of fulvic acid (HF1, HF2, HF3, or HF4) to form the species,
with the right side of the equation balanced by H+ and H2O.
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Figure B.32: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation the Pu-FA complex by the dissolution of
Pu(OH)4(s) in the presence of fulvic acid (HF1, HF2, HF3, or HF4) to form the species,
with the right side of the equation balanced by H+ and H2O.
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Figure B.33: Pu solubility data in the presence of 5 mg/L fulvic acid after 7 weeks of
equilibration in a 0.1 M NaCl background with model fit overlaid. Model fit generated
using FIT4FD assuming the formation the Pu-FA complex by the dissolution of
Pu(OH)4(s) in the presence of fulvic acid (HF1, HF2, HF3, or HF4) to form the species,
with the right side of the equation balanced by H+ and H2O.
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